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Rearing salmon in sea cages can have pronounced localised effects on benthic faunal 
assemblages and the physicochemical parameters of their environment. These effects result 
from sedimentation of pelleted feed and the metabolic wastes of the salmon. To the 
detriment of the environment, the three sites studied were situated in sheltered, shallow, 
relatively enclosed body of water with limited water circulation. 
A survey approach was used in this study to examine changes in macrobenthic 
community composition and sediment physicochemical parameters. Measurements were 
taken to quantify the amount and composition of wastes sedimenting out around the cultures. 
These assessments were made with distance from the cage sites, and using a temporal series 
of abandoned sites, to measure the spatial impact of the sites and the progress towards 
recovery after cessation of organic input. 
Complete defaunation occurred under the cages in the anoxic, sulphide rich sediment. 
The sediment in the proximity of the cages had very high total organic matter, total nitrogen 
and total phosphorus contents and substantially increased oxygen demand. Statistically 
significant effects were measured in physicochemical parameters to 30 m from the edge of 
the occupied cages. The macrobenthic community close to the cages is of low diversity with 
a pronounced numeric dominance of the most abundant taxa, generally deposit feeding 












A site disused for twentyeight months showed some recovery in sediment 
physicochemical parameters and macrobenthic community composition at 30 m on the 
transects radiating from the sites. However the area which was located directly beneath the 
culture was azoic with a considerable anaerobic accumulation of organic matter releasing gas 
bubbles as a result of methanogenesis. 
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CHAPTER 1 INTRODUCTION 
1.1 GENERAL INTRODUCTION 
Rearing salmon in sea cages can have pronounced effects on benthic faunal 
assemblages and the physicochemical parameters of their environment. These conditions 
develop as a result of a high rate of organic input into a localised area. 
Criteria for the choice of optimal coastal areas for this industry include high water 
quality, shelter from prevailing winds and storm events, and reasonable currents over 
sufficient water depth to disperse effluents (Edwards 1978). To the detriment of the 
environment, many farm sites have been developed in sheltered, relatively enclosed bodies 
of water which minimise the practical considerations of mooring, working access and 
strength of cage structure for the farmer. In shallow water, with very limited water 
circulation, one would expect a high rate of sedimentation of any introduced particulate 
matter, and little dispersion of soluble waste. The pelleted feeds used for rearing sea cage 
salmon are fed in a quantity designed for a maximum growth rate. This excess can result in 
a considerable proportion of the pellets escaping ingestion (Phillips and Beveridge 1986). 
The pellets and other waste material from salmon farms have a rapid settling velocity, 
consequently a large proportion of waste material is accumulated on the sea floor under the 











Qualitative studies have demonstrated the organic loading from salmonid cage culturing 
can cause acute and chronic changes to the benthic environment in their vicinity (Alabaster 
1982, Gillespie and MacKenzie 1983, Earll et al 1984, Beveridge 1984, Merican and 
Phillips 1985). 
Some deposited organic matter can be utilised by benthic organisms as an additional food 
source but if the accumulation rate exceeds the assimilation capacity of the benthic ecosystem 
then an organic matter "blanket" forms creating a smothering effect (Pearson 1975). 
When excessive deposition occurs, the seabed aerobic processes of microbial 
degradation and consumption by other heterotrophs decomposing the accumulating organic 
material cause reducing conditions due to lack of oxygen (Valiela 1984). The pathways 
involved in organic matter decomposition occur successively in association with the changes 
in the types of bacteria that mediate them. This sequence is influenced by competitive 
exclusion and the electron acceptor of the reaction involved (Aller 1982). These diagenetic 
reactions consume oxygen and ultimately, as anaerobic decomposition takes over, result in 
the production of hydrogen sulphide and methane (Zeitzschel 1980). As organic matter is 
metabolised, the oxygen demand around the site increases and the effects of deoxygenated 
water spread. 
Due to this degradation process the sediment develops increasing acidity and reducing 
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inhabiting the sediment. In areas of extreme organic load and consequent anoxia 
macroscopic plants and animals cannot exist (Ackefors 1983). 
Pearson and Rosenberg (1978) recognised that macrobenthic assemblages respond in a 
















Gradients of change in the composition of the community are readily observable on both 
temporal and spatial scales. In areas of exceedingly high organic loading, where the 
breakdown of organic matter results in anaerobic conditions, the sediments may be devoid of 
macro fauna. 
As samples are taken with increasing distance from the completely defaunated area a 
limited number of small macrobenthic species are encountered. This is typically followed by 
a sudden increase in abundance and biomass of a few opportunist species. These organisms 
are generally surface deposit and deposit feeding worms with high reproductive rates which 
enable them to rapidly colonise and exploit the abundant food resources in the absence of 
potentially competing species (Grassle and Grassle 1974, Gray 1979a ). These communities 
are very simple with an unbalanced distribution of individuals amongst species between 
which there are limited interactions possible. As conditions further ameliorate, initial 
colonising species will be replaced and the community will develop with a greater diversity 
of species and generally a less pronounced numeric dominance by the more abundant species 
(Gray 1981). The trophic complexity and species interactions of the community move 
towards those found in an unperturbed environment (Leppak:oski 1975). The macrobenthic 
colonisation of the damaged area accelerates recovery by oxygenating the sediment, 
providing microhabitats by increasing environmental heterogeneity (Rhoads 1974) and 
increasing surface.areas for decomposing microorganisms by pelletising organic matter 
(Rhoads and Boyer 1982). 
The mechanisms and rates of exchange of nutrients across the benthic boundary layer 
between sediment and water are drastically altered under anaerobic conditions (Aller 1982). 
When the oxygen content at the sediment-water interface is high, a chemical 'barrier' hinders 












An oxygen deficit at the sediment water interface, however, changes the chemical conditions 
so that nutrients cease to be bound in the sediment and are released into the water ( Ackefors 
1983). Phytoplankton production in coastal marine ecosystems is often limited by the 
availability of nitrogen, primarily in the form of nitrate or ammonia (Ryther and Dunstan 
1971 ). Microbial decomposition and excretory products of salmon provide a source of these 
nutrients in surrounding sea water (Ackefors 1983). If there is a sufficient dilution of these 
nutrients by water exchange to prevent their accumulation, the effects on the local 
environment would be minor. If not the buildup of nutrients could lead to changes in 
primary production and phytoplankton species composition, and may lead to localised toxic 
plankton blooms (Gillespie and MacKenzie 1983, Potts and Edwards 1987, Chang 1987). 
The intimate relationship between the caged fish and water quality means that any 
environmental change can easily affect the farm itself. The growth rate and health of fish 
produced is directly related to the water quality in which the fish are reared (Beveridge 
1984). Therefore it is in the interest of the aquaculturist to maintain the ecosystem within its 
assimilative capacity. 
Several problems make heavily loaded sediments a source of concern for the farmer. 
Beveridge (1984) considered that salmon stressed at sedimented sites had inhibited growth 
rates, decreased resistance to disease, increased sensitivity to detrimental environmental 
changes and higher mort.111ity than fish held on cleaner sites. In pa.rtic11lar, orgariic wastes 
consume oxygen because of the large number of bacteria present and pose an additional 
undesirable oxygen demand below the cages (Phillips 1986). Also disease causing 











Another major concern of farmers is that an accumulation of cage wastes will lead to the 
formation of hydrogen sulphide which is highly toxic to fish (Phillips 1986). 
The past few years have seen an impressive expansion in the number of sea cage 
rearing units in Big Glory Bay, Stewart Island. Concern over possible long term effects on 
the environment and impact on future aquaculture development has lead to some restrictions 
on proposed developments and expansion. The aim of this research has been to quantify 
some of the environmental effects of cage farming to provide information which can be used 
to make decisions on such development. 
A survey approach was used to examine the changes in benthic community composition 
and sediment physicochemical parameters. Measurements were taken to quantify the amount 
and nature of the wastes sedimenting out beneath the cages. These assessments were made 
with distance from the cage site and over a temporal series of sites to enable conclusions to 
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1:2 THE STUDY AREA 
Big Glory Bay is a large sheltered bay approximately 115 km2 in area connected to the 
entrance of Paterson Inlet in the north of Stewart Island (Fig. 1.1). The bay is completely 
surrounded by native forest extending right to high tide level. It was in a largely undisturbed 
state prior to initiation of salmon farming procedures in mid 1982 (Gillespie and Mackenzie 
1983). The sea cage farms studied were situated at the southern head of the bay where the 
sea floor extends as a large flat plane at a depth of 9 - 12 m (Fig. 1.2). 
A preliminary study using parachute drogues (Appendix 8) demonstrated that the sites 
studied are not exposed to significant tidal currents. This was supported by the lack of 
suspended silt movement noted while diving. The semi-enclosed configuration of the bay 
restricts the rate of exchange with sea water in Paterson Inlet and the open coast These 
factors result in a relatively high residence time for the water body (Appendix 8). There is 
significant fresh water input from three streams which drain the catchment of steep hillsides 
in a high rainfall area. This was apparent near the head of the bay as a layer of humic stained 
fresh water persisting at the surface for a day or two after periods of rainfall and fine silty 
sediments littered with terrestrial debris, including leaves and twigs. 
The salinity measurements were relatively uniform with similar patterns of variation 
over the sites in both October and April sampling periods. A slight increase in salinity with 
depth was obvious at all sampling stations. During the sampling periods the surface valves 
had a mean of 33.81 (S.D. +- 0.29, n=44), while the mean of the bottom valves was 34.12 
(S.D. +- 0.28, n=44). At a separate time, following a period of heavy rainfall, salinities of 
- 25% were measured near the head of the bay at the surface. 
:·::.·.:· 
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The annual range of temperature varies from -8° C in August to 15.5° C in mid-February 
around the study sites in the shallow end of Big Glory Bay. No obvious thermocline was 
detected during the sampling periods, but the bottom temperatures were -1 ° cooler than the 
surface temperatures. 
Because of the clarity of the water and shallow depth light is able to penetrate to the 
bottom sediments. Consequently this part of the bay is characterised by a carpet of benthic 
vegetation which provides a protective habitat for a large and diverse biological community 
similar to that described by other studies in the area. Gillespie and MacKenzie (1983) 
considered that this carpet of vegetation helps to stabilise the sediment and retain recycled 
nutrients which would otherwise be released into the water. The algal carpet which attains 
100% cover is almost completely composed of Lenonnandia chauvinii , a flat, more or less 
dichotomously branching species of Rhodophyta. Insignificant amounts of another red alga, 
Rhodymenia spp, and the green Codiumfragile, were also present. Some drifting masses 
of Macrocystis pyrifera appeared on the study sites after prolonged easterly weather. 
The faunal association in the study area has a number of species in common with 
Willan's (1981) mud assemblage from the central areas of Patersons Inlet which he 
contrasted with other "Clamys-brachiopod" communities in southern New Zealand. 
Dominant animals in his epifaunal assemblage also common in Big Glory include the pectinid 
rhlnmv« aPmmulntn thP l,nlnthnrianc <;:-,.;r,l,,r,r,11(' .,.,,,,TT; .. anrl r'L.z·-~do+a -;~-~ n-d ~tt-e-_.. ............... ..,L, O"'"'" .. .......... -, ........... _ .&..l.'-'.IL'-JII.J.AY-..1...L .L.I.U l,,Jl;C;t..,tl,Vj,'Alk.J ltv.Jl,1,1,i., J..l\.l '-''" ,u I, f£l,l5IU '1.11 U 11 l. 
echinoderms including Coscinasterias calamaria, Patiriella regularis andPectinura 
maculata. It differs in the conspicuous absence of living brachiopods and the lack of 











However, empty shell of three common species Terebratella inconspicua, T. sanguinea, and 
Neothyris lenticularus were found relatively frequently in the infauna! sampling cores. 
The epibenthic community Batham (1969) described from Glory Cove is not 
surprisingly, very similar to Big Glory, sharing the important epifaunals mentioned 
above.The same algal carpet of L. chauvinii was dominant. She noted echinoderms were 
especially in evidence with Echinocardium chordatum, Amphicyclus thompsoni and 
Chirodota nigra present in 75% of the samples. Only the latter was abundant in Big Glory 
but the other two were present in low numbers. Glory Cove also had moderate numbers of 
the infauna! lamellibranchs Paphirus largillierti and Tawera spissa which were sampled 
occasionally in Big Glory. The relatively abundant epifaunal molluscs Terenochiton 
otagoensis, Micrelenchus caelatus and Maoricolpus roseus are also shared. Two of the 
polychaetes mentioned from Glory Cove, Eunice australis and Dorvil/ea australiensis are 
species found around the study site. 
Lowry (unpublished 1976) took several grab samples in Port Pegasus. He did not find 
any of the common epifaunals noted from around Patersons Inlet. But of the community 
dominants he mentions, Solemya parkinsoni, Nucula dunedinensis, Lumbrineris 











CHAPTER 2 METHODS 
2.1 THE SAMPLING PROGRAMME 
2.1.1 THE SAMPLING DESIGN 
The objectives of this survey were to quantify the spatial and temporal changes in the 
benthic environment associated with the deposition of organic matter from salmon pens. 
Firstly, how far from beneath the cage positions is an effect on the macrobenthos and 
sediment physicochemistry discernable ? Secondly, how rapidly do sites take to show 
recovery once cages are shifted ? The approach used was to examine the macrobenthic 
community and some physicochemical parameters along gradients from the source of organic 
loading and to compare zones along this gradient and controls. The temporal change was 
assessed by repeating sampling after a time period and examination of two previously 
abandoned sites. 
The sampling programme used a stratified random sampling design to allow statistical 
analysis of the results. Samples were taken on independently positioned transects from 
beneath the past or present position of the cages. Along each transect three zones (the 
'treatments') were located in equivalent uositions to ensure that the treatments were stratified 
~ ~ 
along the transects in a manner appropriate to the gradient being examined. Adequate 
interspersion along a gradient can be assured by dispensing with strict randomisation 
procedures (Hurlbert 1984). Initial observations indicated that complete defaunation 
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2.1.2 THE SAMPLING PROCEDURE 
The sites without cages in position were marked at either end by anchors and buoys using 
diver observation to define site area. Each transect extended out from directly under the edge 
of the cage or the edge of visible acute effects on previously occupied sites. The 30 m long 
transect rope was marked with the three zones A, B and C. The zones were placed at 
0 - 5 m, at 5 - 10 m, usually straddling appearance of viable macrophytes, and at 25 - 30 m 
from the cage site where the bottom visually resembled control conditions (Fig. 2:1). 
Control sites were located at least 250 m from the nearest cage (Fig. 1 :2). 
Control zones were sampled so that the effect of organic loading could be 
demonstrated by comparison with a reference area. The inherent assumption is that if it were 
not for the presence of some pollutant or disturbing influence the control site and the 
disturbed site are initially comparable in terms of the variables monitored. For this 
comparison, it was essential that the environment was uniform over the scale of the sampling 
programme. This was considered to be a reasonable assumption for Big Glory Bay, because 
of the very limited water circulation (Appendix 8), consistent sediment facies, uniform depth 
around the farm sites and a lack of observed patch forming disturbances (Chapter 1). 
Randomly positioned samples were taken in each zone using a second line (2 m) 
temporarily attached that could be extended perpendicularly on either side of the tra.risect lirie. 
This gave a sampling area of 20 sq. m. in each zone. Coring within each zone was achieved 
by sampling at positions defined by previously calculated cartesion coordinates using the two 












A pilot study enabled cumulative species curves to be constructed to estimate the sample 
area necessary to assess the distribution and abundance of the macrobenthic infauna (Fig 
2:2). Consequently ten cores (86 mm internal diameter x 320 mm length) were randomly 
taken in each zone. Cores of this size were independent of most inf aunal animal 
abundances. Cores (50 mm diameter x 210 mm length) were paired with each sample taken 
for animal abundance to assess the physicochemical characteristics of the sediment in each 
zone. 
These watertight cores were placed in a partitioned crate for return to the shore station. 
Due to logistical constraints of time and effort, three randomly allocated transects of three 
zones, and a control were sampled for the sites sampled on each trip. The results discussed 
in this report include only part of the full data set because of the time available for its 
preparation. 
Figure 2.2 Comparison of the cumulative number of species 
collected in an increasing number of samples. 
A. Site 3, 1985. 
B. Site 2, 1986. 
C. Site 1, 1986. 
@] Zone A. 
~ Zone B. 























601 A 'i--·r 





0 2 4 6 8 10 
(./) 
LJ.J 
~ / -u ,. LJ.J 801 0... B 
(./) 
LL 60 0 
O'.'. 
LJ.J 40 co 
1,< L 
::) ,. z 20 
LJ.J 
> 
,," - 0 '.· I-













~-·, '- 0 
0 2 4 6 8 10 












Other parameters including BOD, water temperature and salinity, water column 
nutrients and hydrogen sulphide concentrations were sampled only qualitatively across the 
site in a transect One sample for grainsize was analysed for each zone. Sediment traps 
were deployed to estimate organic loading on the bottom environment under the cages, 5 m 
away, 30 m away and at control positions. 
All collecting was done by SCUBA to ensure accurate location at previously defined 
random position. Diver operated corers enable consistent size and quality of samples to be 
obtained and cause comparatively little disturbance to the sediment (Hiscock 1979). 
The period over which the three sites (Fig. 1 :2) in the head of Big Glory Bay were occupied 
by salmon pens are given below. 
Table. 2:1. 





1 4/82 - 1/84 21 5/86 
2 1 /84 - 3/85 1 4 10/85 & 5/86 
3 3/85 - 2/86 1 1 10/85 & 5/86 
Site status 
28 months after 
site abandoned. 
7 and 14 months after 
site abandoned 
7 months after site 















2.2 SAMPLING THE MACROBENTHIC COMMUNITY 
2.2.1 CORE SAMPLING FOR INFAUNAL ANJMALS 
At each randomly generated sampling position a diver collected an 86 mm diameter 
core to a depth of 20 cm. Since the majority of organisms occur within the top 0.05 - 0.1 m 
of the substratum (Holme and McIntyre 1984) any direct effect of organic enrichment should 
be observed within this depth. Samples collected to assess macrobenthic abundance and 
community composition were carefully worked through nested 1 and 0.5 mm sieves and 
fixed in 8% formaldehyde (buffered with Hex.amine in sea water). Use of the 0.5 mm sieve 
recommended by Holme and MCin tyre (19 84) was time consuming in separation of the fauna 
from mud and detritus. It was employed because 1 mm mesh is sometimes criticised 
because the whole macrofauna is not being examined, and many small species and juveniles, 
likely to be important along gradients of organic loading, are underrepresented (Reish 1959). 
Moreover, a mesh size of less than 1 mm is usually necessary when detailed studies 
involving sampling to monitor the success of individual species are being carried out 
(Hartley 1982). 
On return to the laboratory all material retained by the sieves was stained with Rose 
Beng~ 1, sorted under a binocular n,.icroscope, and the macrofauna identified to the lowest 
possible taxon. In some instances generic or family identifications were only attainable 
because the infaunal assemblage from the region is diverse, poorly known and little 
documented (P.A. Hutchings, personal comment). 
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Polychaetes of the genus Capitella are described as Capitella spp. as representative of a 
supra species complex (Grassle and Grassle 1977) as was Terebellides stroemi (Williams 
1984). A proportion of the sieve residues were re-sorted to check efficiency and showed 
that very few individuals were missed. 
Formalin preserved wet weight biomasses ( +- .003 gm) were obtained for fauna and 
macrophytes after drying on filter paper. The small infaunal molluscs sampled in the study 
area were weighed in their shells. Occasional large epif aunal animals that occurred in the 
core samples were not weighed. 
2.2.2 EPIFAUNAL COUNTS 
A visual survey of selected large mobile epibenthic animals was conducted on each 
zone before core sampling, to make best use of visibility. Counting only key species or 
common species makes the underwater task much more rapid and is an acceptable strategy 
when considered in relation to the aims of the work (Hiscock 1979). Rods 2 m long were 
extended perpendicularly each side of the transect rope and moved forward 1 m at a time by 
the two divers counting animals in each of the 2 sq. m areas. Visual methods for assessing 
the abundance of large epibenthic organisms have been used successfully over soft 
sediments by Townsend and Thrush (1986). Direct observation by diving is superior to 
remotely operated equipment such as dredges, hauls and grabs to quantify epibenthic 













2.3 PHYSICOCHEMICAL ANALYSIS 
2.3.1 SEDIMENTS 
The corers for physicochemical analysis were sampled sequentially for the different 
parameters to be measured, and frozen for transportation and storage, following the 
incubation of the corer for benthic oxygen consumption. 
Benthic Oxygen Consumption. 
A batch laboratory method of measuring benthic oxygen consumption (BOC) was 
chosen for its efficiency and reproducivity to produce useful relative values for comparison 
within the sampling area (Bowman and Delfino 1980). Practical difficulties and expense 
meant in situ measurements were impracticable. Use of SCUBA enabled collection of 
undisturbed sediment cores and a sample of approximately overlying water. 
After collection, cores were transported carefully to shore and placed in an insulated 
water bath at about seafloor temperature to maintain a relatively constant temperature during 
analysis (McDonnell and Hall 1969). The cores were left to equilibrate and settle for one 
hour after transport to laboratory (Pamatmat 1971a). After this period the water column in 
the core was oxygenated with compressed air through a small diffuser for thirty seconds, 
care being taken notto disturb the sediment/water interfaceo The oxygen partial pressure in 
the water column was saturated to ensure all the cores were initially comparable because 
there is a considerable diminution in oxygen consumption with decrease in ambient oxygen 












This also initially prevented any diffusion of oxygen into the incubation enclosure down a 
concentration gradient (Pamatmat 1971a). The volume of overlying water was about 300 
ml. Oxygen concentration was measured at the beginning and end of incubation (Jorgensen 
1977a) with the oxygen meter recalibrated between measurements. After the initial reading, 
any displaced water was replaced and the core resealed without any air enclosed. BOC rates 
in cores vary linearly with time (Pamatmat 1971b, Lindeboom 1984) within the dissolved 
oxygen range of 2 - 8 mg -1 (Bowman and Delfino 1980). After incubation the lid was 
removed and the final reading taken. An electric stirrer was used to avoid stratification in 
the overlying water, and ensure a current of water was flowing past the membrane of the 
electrode to obtain a stable signal (Dale 1978). Care was also taken not to disturb the 
sediment water interface and suspend sediment which increases BOC (Pamatmat 1977a and 
Bowman & Delfino 1980). 
BOC. was calculated as: 
I [02 ] f i n 6 l - [ 0 2 ] i nit i 6 l X 6 0 X 
L Time (minutes) 
Volume (l)l 
J X K 
where [02] is the dissolved oxygen reading from the meter, 
60 converts the rate of consumption into hours, 
Volume is the volume of water overlying the sediment, 
Time is the incubation period, 
K is 510.2, a value by which the surface area of the 
sediment is multiplied to equal a square meter. 





















Controls were used to check oxygen consumption of the water alone. Normally this 
was very small, where there was no suspension of bottom sediments, and the result 
provided a correction factor which was subtracted from the total consumption. 
Nutrient analysis of sediments 
Sub-cores were removed from the surface of the sediment in the 50 mm corer for 
analysis. Sediments were stored frozen then lyophilised, pulverised and thoroughly mixed. 
Subsamples from the cores were taken in triplicate for analysis of total nitrogen and total 
phosphorous. About 2 mg provided a suitable range of TN and TP concentrations following 
persulphate digestion (Langner and Hendrix 1982). 
Total organic matter 
Samples for analysis of total organic matter were frozen on collection to prevent 
bacterial degradation of organic material. Sediment was lyophilised for determination of dry 
weight because this method has the advantage of preventing variable loss of volatile solids 
that can occur with oven drying (Byers et al 1978). Subsamples were placed in weighed 
aluminium foil boats and left in a desiccator for thirtysix hours to stabilise before the pre-
ignition weighing. Loss of weight on ignition (LOI) was determined after five hours at 500° 
C (Dean 1974 and Mook a..11d Hoskin 1982). Trials conducted with increased ignition times, 
(seven hours and ten hours), caused no substantial change in the loss of weight. Subsamples 
were left to equilibrate and cool in a desiccator for twentyfour hours before reweighing. 
Byers et al (1978) noted a low standard deviation and high recovery efficiency of 







Loss of carbonate may cause serious errors unless temperature of combustion is kept at or 
below 500° C (Hirota and Szyper 1975). 
Control samples with organic matter removed by digestion with sodium hypochloride 
(Mook and Hoskin 1982) were used to estimate what proportion of LOI might be due to 
structural water in clays and other inorganic materials, rather than organic matter. 
The T.O.M. in the sediment was determined in triplicate, and the results are expressed 
as percentage weight of lyophilised sediment 
Grainsize Analysis 
Sediment stored in 5% formalin was treated with hydrogen peroxide to oxidise organic 
matter and act as a dispersant (Carver 1971). The fraction greater than 64 um was oven 
dried and separated into size classes by dry sieving. Pipette analysis was used to separate 
the fraction less than 64 um (Carver 1971). 
Cumulative particle size data was analysed to determine the graphic mean and a sorting 
coefficient of the sediments (Folk 197 4). 
2.3.2 SEDIMENT TRAPS 
Cylindrical sediment traps were used to collect material over seventytwo hours. The 
traps were constructed of PVC tubing with an internal diameter of 86 mm (Blonquist and 
Kofoed 1981), and a length of 600 cm, to provide an aspect ratio of greater than 3.8:1 
(Merican and Phillips 1985). The individual traps were placed so as not to suspend sediment 
in groups of three positioned directly under operating cages or at increasing distances away 








At the end of each sampling period the sediment collection jar attached to the bottom of the 
trap was carefully removed underwater and securely capped. The jars were then transported 
to shore and allowed to settle for four hours before the supernatant was decanted and the 
sample frozen. The trapped material was measured as lyophilised weight and sedimentation 
rates were expressed as g m2 hr-1. The material was also analysed for TOM and nutrient 
content. 
2.4 WATER CHEMISTRY 
2.4.1 WATER SAMPLING AND STORAGE 
Water samples were collected at the surface, 5.0 m depth and 1 m above the bottom 
using a vertical 5 litre Van Dorn water sampler. Samples were taken with the sampler 
suspended near vertical with its mid point at the required depth. Duplicate water samples 
were stored in iodide coated polyethylene (Golterman and Clymo 1971). The sample bottles 
were cleaned with warm dilute HCl (5 mol 1-1 ), a twentyfour hour Decon 90 soak and 6 
distilled water rinses. All water samples were collected as late as possible in field trips to 
minimise preservation problems. Samples were frozen immediately on return to shore. 
Freezi.11g is a convenient and effective method for preservation of nutrient species Uiitil 
analysis (Golterman et al 1978, Water Quality Criteria Working Party 1981, Strickland and 
Parsons 1972 and German Chemists Association 1981). 
All glassware and auto analyser cups were soaked in Decon 90 for twentyfour hours, 







2.4.2 WATER ANALYSIS 
Sulphide/sulphate 
Separate samples were preserved with 1 ml of 0.2M zinc acetate per 50 ml and stored in 
the dark. Analysis was carried out the by the methylene blue method (Grasshof 1976). High 
levels of H2S can interfere in the determination of nitrate and nitrite. 
Nitrite 
The samples were preserved using 2 ml 2% rn/v mercuric chloride per litre of sample 
(APHA 1976 ). Nitrite was determined spectrophot6metrically by reaction with 
sulphanilimide and N-(1-napthyl) ethylene diamine dihydrochloride (Water Quality Criteria 
Working Party 1981) 
Ammonia 
Some ammonia samples were stored with 6% mercuric chloride (German Chemists 
Association 1981) and determined spectrophotometrically by the indophenol blue method 
(Bower and Holm Hansen 1980). Care was taken to avoid exposing the reagents and the 
reaction to bright light (Gravitz and Cleye 1975). Four separate samples of surface and 
bottom were taken at polluted and non-polluted sites for analysis of change in ammonia 
concentration with frozen storage. 
Semi-automated determinations 
Apart from nitrite, all other nitrogen and phosphorus analyses were determined by the 







Reagents for orthophosphate, nitrate and ammonia determinations were prepared according 
to chemical methods sheets S41-075-05, S41-066-09 and S41-008-007 (Chemlab Inst. Ltd. 
Essex). 
Total nitrogen and total phosphorus were estimated using a combined persulphate 
digestion (Ebina et al 1983). Sodium hydroxide was added to the oxidation product to 
prevent low pH interfering with colorometric metric analysis in the autoanalyser. The 
combined digestion enabled batches of samples to be processed efficiently without detracting 
from accuracy (Ebina et al 1983). Several working standards were prepared from stock 
solutions (Water Quality Criteria Working Party 1981). Peak heights measured on the 
autoanalyser were used to construct linear calibration curves by computer for calculation of 
sample nutrient concentrations. 
Dissolved Oxvgen, Salinitv and Temperature 
Dissolved oxygen was measured in situ using an electrode (Yellow Springs Instrument 
Company, model 54; precision+- 0.1 mg 1-l ), calibrated before each use in a series of 
measurements. The probe was protected by a small triangular steel cage from coming in 
contact with anaerobic bottom sediments. Measurements were discontinued at 2 mg 1-1 
because of the danger of H2S poisoning of the electrode. Water temperature and salinity 














2.5 STATISTICAL ANALYSIS 
The collection of samples from random positions allows valid statistical comparisons of 
animal abundance and physicochemical variation in different zones and reference areas 
(Green 1979). 
Zones were analysed to detect significant differences with respect to a measured 
variable using an analysis of variance ( Analysis of variance and covariance with repeated 
measures, 2V. BMDP Statistical Software Inc.). Model 1 (fixed effects) and Model 111 
(random and fixed effects) analyses were used (Underwood 1981, Zar 1984). The 
assumption of homogeneity of variance was examined using the Cochran statistic (Winer 
1971) recommended by Underwood (1981) as appropriate to guard against increased 
probability of Type 1 error. Tests to demonstrate whether the data set fits a normal 
distribution require large sample sizes so were not practicable. The assumptions of 
normality in analysis of variance can be disregarded unless very gross violations are evident 
in the data (Underwood 1981). Confidence limits (95%) for sample means were calculated 
as suggested in Zar (1981) for more than two groups. 
Where the analysis of variance rejected a multisample hypothesis of equal means, a 
Student Newman Keuls multiple range test (Keuls 1952) was applied to assess between 
which zones variation occurred in the measured parameters. 
Where the data set was collected according to a randomised design but the assumption 
of homogeneity was seriously violated and it was not feasible to test normality because of 
small sample sizes, the data was analysed nonparametrically (Zar 1981) employing the 















In those cases nonparametric confidence intervals about the median were calculated, since 
these do not assume a normal distribution ofthe data set (Colquhoun 1971). 
The Willcoxon one sample signed rank test produced a median and confidence intervals 
closely approximating 95% (Hollander and Wolfe 1973). 
If the Kruskal-Wallis statistic (H) proved to be significant, a non-parametric multiple 
comparison of groups using rank sums instead of means (Zar 1981) was used to define 
between which groups significant differences occurred. 
The Mann-Whitney test was used to examine the significance of variation between two 
groups of data in a manner analogous to the two sample t-test This non-parametric 
procedure uses ranks instead of the actual values (Zar 1981 ). 
To represent the distribution for sample sizes smaller than five the median and 
nonparametric confidence intervals defined by Nair were used (cited in Colquhoun 1971). 
Confidence intervals achieved using this method may be less than 95% due to the small 
sample sizes. 
To identify changes in species diversity and dominance along the gradient of organic 
loading from beneath the cages, the data were analysed using the Shannon Weiner diversity 
Index (Hl H', probably the most widely used and acceptable diversity index, is based on 
the relative composition of the sample and measures the probability involved of an individual 
organism chosen at ra.""ldom belonging to a pa.--ticular species. The index H' increases with 









H' = - I, pi. log pi 
pi = Ni/N 
Ni = number of individuals in the ith species 
N = total number of individuals 
25 
Diversity indices have been criticised because they do not have well documented 
underlying biological mechanisms (Valiela 1984), and they possess undesirable mathematical 
features (Peet 1975), but complementary use with other methods can help draw conclusions 
from arrays of data. 
The construction of K-dominance curves graphically represents the pattern of 
distribution of individuals amongst species. This holistic display of community composition 
has advantages of simplicity and sensitivity to dominance changes and ease of interpretation. 
The graph is obtained by plotting percentage cumulative abundance against species rank 
(Lambshead et al 1983). The species rank is plotted on a logarithmic scale to straighten and 










Plate 1. Conditions under the cages with large quantities of 
organic matter covered in a bacterial mat. Note 
quantities of excess food on the surface (Brown lumps). 
( . 























Studies discussing the effect of salmonid cage rearing have reported localised effects on 
the benthic environment occurring as a consequence of excessive deposition of organic 
material (Ackefors 1983, Earll et al 1984, Merican and Phillips 1985). 
As might be expected from the location of the cages in about 10 m of water with little 
water circulation and the intensive cage rearing of salmonids, a considerable buildup of 
material was obvious on the bottom. The accumulation was most pronounced directly beneath 
the cages and was apparent as a thick layer of partially decomposed flocculent organic matter 
overlain by white bacterial mat (plate 1). The severity of environmental degradation 
decreased with distance from the source until no significant effect could be determined 
compared with undisturbed areas. 
This chapter describes the results of sampling the physicochemical parameters and 
macrobenthic community at site 3 (Fig. 1:2) during a field trip in October 1985. The 





















3:2:1 GRAINSIZE ANALYSIS 
The sediments of the study sites were classified (after Folk, 1974) as slightly granular 
fine sandy mud [(g)sM], and slightly granular muddy medium sand [(g)mS] (Fig. 3. lA). 
Sites 2 and 3 were dominated by a silt-clay fraction of approximately 70 to 84% in 
comparison with 50 to 64% at Site 1 where a greater proportion of sand grade sediments 
were found. Significant variation (p<0.005) occurs in the graphic mean (Folk 1974) between 
the three sites and the control group. This value was between 5.4 and 6.2 for Sites 2, 3 and 
the control sites, but 3.6 for Site 1. The multiple comparison demonstrated the variability 
resulting from the different sediment composition at Site 1 (Table 3: 1). A detailed analysis of 
seven grain size classes shows this pattern generally with Site 1 significantly different 
(p<0.025) from the others in all classes (Fig. 3.lB). Sites 2 and 3 and the control group 
show a fairly consistent pattern of similarity over the size classes. 
The high inclusive graphic standard deviation values; range 3.2 - 3.9 (after Folk 1974) 
indicate all the samples in the study area are very poorly sorted. 
28 
Table 3:1. The significance of variation between the study sites and 
the control group (with subsequent multiple comparisons 
of variation between sites and controls) in the percentage 
of sediment in 7 grain size classes. The values are median 
percentages in grainsize classes. 
SEDIMENT SIZE OVERALL SNK for Sites and 
TYPE CLASS (H)* Control group 
0 
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-1 - 1 16.82 
p<0.001 
1 - 2 14.78 
p<0.005 




6 - 8 14.80 
p<0.005 
8 - 14 13.81 
p<0.005 
3 2 C 1 
6.2 6.1 5.4 3.6 
1 c 3 2 
8.6 6.1 5.4 5.0 
1 C 2. 3 
12.1 2.2 1.3 1.0 
1 Q 3.. 2 
12.6 5.8 5.4 4.2 
1 3 c 2 
36.4 15.6 15.2 11.7 
2 c 3 1 
18.1 16.6 14.6 7.7 
2 3 C 1 
25.5 22.5 19.1 14.2 
3 C 2 1 
36.4 34.4 34.3 9.3 
* Kruskal-Wallis statistic (H) adjusted for ties. 
SNK = Non-parametric Student Newman-Keulls test with significance 
defined at 0.05. 
3 2 1 - sites underlined are not significantly different. 
Figure 3.1 A. Diagram showing the grainsize distribution of the sites 
and controls on three axes (after Folk, 1974) 
Figure 3.1 B Percentage of sediment in grainsize classes 
mm Wilcoxon median and -95% confidence intervals 
for sediment on transects. 
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3.2.2 SEDIMENTATION 
Significant differences (p<0.025) in the quantity of material trapped and its composition 
under the cages, at 5 m, 30 m and at control positions were recorded over two trap 
deployment periods (Fig. 3.2A-C, Table 3.2). The sedimentation rates were significantly 
greater under the cages and 5 m from the cage site in comparison with the control positions 
for both deployments (Table 3.2). Comparisons between trap positions indicated that 
significant differences (p<0.05) in trapped material composition with respect to the control 
positions occurred in total organic matter (TOM) to 5 m in deployment 1 and 30 m in 
deployment 2, in total nitrogen (N) to 5 m in both deployments, and in total phosphorus (P) 
under the cages in deployment 1 and to 5 m in deployment 2 (Table 3.2). The percentage of 
TOM (freeze dried weight) in the material collected under the cages had medians of 39.1 and 
58% in comparison with 19.8 and 19.3% at the control positions. The medians of the 
sedimenting material at the controls had ranges of0.051-0.093 % N and 0.037-0.038 % Pin 
comparison with 0.879-0.987 % N and 1.68-2.59 % P in the traps positioned under the 
cages (Table 3:2). 
Comparisons of% TOM, N, and P composition in solid waste collected under the cages 




Table 3:2. The significance of variations between positions on 
transects and control positions (with subsequent 
multiple comparisons) in parameters measured in 
sediment trap deployments in October 1985. The values 
are expressed as a median for the position. 
MEASURED UNITS D OVERALL SNK FOR POSITIONS 
























































0.237 0.029 0.037 
0.446 0.043 0.038 
D = Deployment (1 =19/9/85, 2 =30/9/85) 
* Kruskal-Wallis statistic (H) adjusted for ties. 
SNK = Non-parametric Student Newman-Keulls test with significance 
defined at 0.05. 
a= Controls 
b = Grams (freeze dried weight) /square meter/ day 







Table 3:3. The percentage of organic matter, nitrogen and 
phosphorus and the ratios of these parameters 
32 
measured at the sediment surface, at 20 cm depth in the 
sediment, in the sediment traps (under the cages and at 
control positions) and in the salmon feed. The values are 
expressed as Wilkoxon medians. 
SEDIMENT SEDIMENT TRAPS 
Ccge Control Qg3 Control 
0cm 20cm 0cm 20cm 1 * 2t 1 2 
T.O.M. 34.3 17.6 14.6 12.4 39.1 58.6 19.8 19.3 
NITROGEN 0.78 0.38 0.27 0.24 0.88 0.99 0.05 0.09 









44 46 54 52 
T. 0. M./P 
RATIO 
1 2 26 162 172 
N/P 
RATIO 
0.27 0.56 3 
* = Deployment 1 (19/9/85) 
t = Deployment 2 (30/9/85) 
TOM = Total organic matter 
N = Total nitrogen 
P = Total phosphorus 
3.3 
45 49 388 207 1 2 
1 5 35 535 508 27 
0.34 0.59 1.38 2.45 2.26 
Figure 3.2. Comparisons of parameters measured in sediment trap 
deployments. Vertical bars represent the median and 
75% confidence intervals. 
A. Total amount (freeze dried weight) of material 




Deployment 1 . 
Deployment 2. 











Nutrient content of trapped material. 
Total nitrogen, deployment 1 
Total nitrogen; deployment 2 
Total phosphorus, deployment 1 . 
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Table 3:4. The organic matter, nitrogen and phosphoros 
concentration (mg. g-1 [freeze dried weight]) of 
the pelleted salmon feed analysed. The values 




(847.1 - 856.3) 
Nitrogen 
71.1 
(65.8 - 73.7) 
Phosphorous 
31.4 
(28.1 - 40.1) 
Table 3:5. Sedimentation under cages at Site 3 in October 1985. 
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Solid waste loading per cage per kg of food fed (g [freeze 
dried].kg-1.day-1). 
--------------------------
Deployment 1 Deployment 2 
Total solid loading 326 380.3 
Total organic loading 127.5 222.9 
Total nitrogen loading 2.9 3.8 









3:2:3 WATER COLUMN CHEMISTRY 
Analyses of the water column showed an uneven distribution of N and P. Differences 
in the water chemistry can be noted between the cage sites and the control positions, 
especially in the bottom water (Tables 3.6 and 3.9). 
In 1985 while the cages were stocked, the nitrate concentrations in the surface waters 
were significantly higher (p<0.05) around the cages at Site 3 than at the control positions 
with a similar trend for dissolved inorganic phosphorus (Tables 3.7). 
Differences in concentration with depth were also present in all nutrients measured. 
Near bottom accumulations of inorganic nutrients at Site 3 in 1985 were significantly greater 
(p<0.05) than the control positions (Table 3:7). Relatively high concentrations of dissolved 
inorganic nitrogen (DIN) were recorded in the near bottom water around Site 3 (90.5 µg 1-
l ). Both nitrite-N and ammonium-N contributed substantially to this total (16.6% and 57.5% 
respectively). At the control position DIN was much lower (18.7 µg1-l) and nitrite-N and 
arnmonium-N concentrations were negligible. (Tables 3:6 and 3:9). 
Nitrite-N was not present in detectable concentrations in the surface waters of the 
control positions, but slightly higher amounts (2.8 µg 1-1) were present around the stocked 
cages at Site 3 (table 3:9). Concentrations were higher (15 µg 1-1) in the near bottom water at 
the Site 3 in comparison with the control positions. Ammonium exhibited a similar trend 
with 10.4 µg 1-1 in the surface waters at Site 3 and 52 µg 1-1 in the near bottom water (Table 
3:9). 
36 
Table 3 :6. Nitrate and Ortho-phosphate concentrations (µg 1-1) at 
sites and control positions. The values are a mean of 
four samples with duplicate samples analysis on each 
sample (less than 10% variation between the replicates). 
------------------------------
TIME OF SAMPLING SURFACE BOTTOM ("' 1 Om) 
SAMPLING POSITION 
N03-N P04-P N03-N P04-P 
------------------------------
October Control 5.1 12.7 15.2 17.8 
1985 Site 3 7.8 14.6 23.5 40.1 
Site 2 5.1 13.2 20.2 39.4 
May Control 5.4 11.7 13.3 18.2 
1986 Site 3 5.5 11.8 18.9 46.9 
Site 2b 6.2 10.7 19.6 48 
Site 1 b 5.3 10.3 29.4 65.1 
* = Total nitrogen 
t = Total phosphorus 
b = Mean of two samples 
,l 
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Table 3:7. The significance of variation between sites 2, 3 and 
control positions (with subsequent multiple 
comparisons) for seawater nitrate and ortho-phosphate 
concentrations in October "I 985. 
DEP1H NUTRIENT OVERALL SNK FOR SITES 
(H)* 
-----------------------------
Surface N03-N 7.44 (p<0.05) 3 2 CNT 
P04-P 6.46 (p<0.05) 3 .2__~_.GNT 
Bottom N03-N 9.27 (p<O.O"I) 3 2 CNT 
P04-P 7.42 (p<O.O"I) 1 .2 CNT 
* Kruskal-Wallis Statistic adjusted for ties 
SNK = Non-parametric Student Newman-Keuls test with significance 
defined at 0.05 
3 2 CNT - values underlined are not significantly different. 
CNT = control positions 
Table 3:8. The significance of variation between Site 3 and the 
control positions for seawater nitrate and 















* Mann-Whitney Statistic (U) 
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Table 3:9. Seawater concentrations (µg 1-1) of nitrite, ammonia and 
hydrogen sulphide measured at the sites and at a 
control position in October 1985. The values are a mean 
of two samples with duplicate samples analysed for 
each (less than 10% variation between the replicates). 
----------------------
DEPTH SAMPLING 
POSITION N02-N NH4-N H2S 
---------------------
Surface Control ND ND 0 
Site 3 2.8 10.4 0 
Site 2 ND ND 0 
Site 1 ND ND 0 
Bottom Control 1.5 2 0 
Site 3 1 5 52 303 
Site 2 1 2 1 8 169 
Site 1 1 3 1 5 74 
ND = not determinable 
"/ 
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Hydrogen sulphide occured in greatly elevated concentrations (303 µg 1-1) in the bottom 
water at Site 3 with stocked cages, but was not present in detectable concentrations in surface 
waters, or in the near bottom water at the control positions (Table 3:9). 
Dissolved oxygen (DO) concentrations in the water column were influenced by the 
cages of fish and the oxygen demand of accumulating organic material on the bottom. 
Resulting DO deficits around Site 3 with respect to saturation values for seawater were 0.2 -
0.3 mg l-1 at the surface, 0.7 - 0.9 mg 1-1 at 5 m, and 5 - >6.2 mg 1-1 on the bottom (Fig. 
3:3). At the control positions a deficit of 1.7 - 2 mg 1-1 was observed near the bottom, 
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Dissolved oxygen concentrations in the water column at 
Sites 3 and 1 and at a control position. 
~ Site 3. 




Table 3:10. The significance of variation in Site 3 (with 
subsequent multiple comparisons of variation between 
cages (mid), zones and controls) in physicochemical 
parameters measured in the surface sediments. The 
values are expressed as a median for the zone. 
------------------------------
MEASURED UNITS OVERALL SNK FOR ZONES 
PARAMETER (H)* MID A B C CNTL 
TOTAL o/of. d. 33.61 34.3 21.2 18.5 16.8 14.6 
ORGANIC weight p<0.001 
MATTER 
TOTAL o/of. d. 32.83 0.78 0.46 Q.33 0.35 0.27 
NITROGEN weight p<0.001 
TOTAL o/of. d. 32.52 2.83 0.57 0.12 Q.09 0.09 
PHOSPHORUS weight P<0.001 
---------------------------------
* Kruskal-Wallis statistic (H) adjusted for ties. 
SNK = Non-parametric Student Newman-Keulls test with significance 
defined at 0.05. 
2 3 4 - values underlined are not significantly different. 





Results of a Model Ill Analysis of Variance to determine variation among 
transects and zones, and the interaction factor for benthic oxygen 
consumption of sediments from Site 3 1985. 
SUMOF 
SQUARES 





















16173.5 1 16173.5 
26.3 1 26.3 0.99 t'6 
3072.4 3 1024.1 134.9 <0.001 
22.8 3 7.6 0.28 t'6 
1786 67 26.7 
Results of a 1 Factor Analysis of Variance to determine variation 
between the mid and combined A, B, C and control zones of the three 



















Multiple comparison to determine between which of the combined zones 










SNK = Student Newman-Keulls test with significance defined at 0.05 
Figure 3.4. Comparisons between sediment physicochemical 
parameters at Site 3, 1985. 
A Total organic matter. 
Vertical bars : Wilcoxon median and -95% confidence 
intervals. 
B Total nitrogen and phosphorus. 







C. Benthic oxygen consumption. 
Vertical bars : Mean and 95% confidence intervals. 
f f\l Transect 1. 
mmrn1 Transect 2. 



































o· L 0 
:r: 
- o_ ~s·L U) .4) 0 
): o·z; :r: 
o_ 
"O 





















g o·v 06"0 










.... oz; < l> {t) :z 











3:2:4 SEDlMENT PHYSICOCHEMICAL PARAMETERS 
For percentages of TOM, N and P in surface sediment along a transect at Site 3, 1985 
(Fig. 3.4A & B), highly significant differences (p<0.001) were recorded between the zones 
under the cages (MID), along the transect (A,B & C) and at control sites (Table 3:10). 
Subsequent multiple comparisons between zones indicated that significant differences 
(p<0.05) with respect to control sediment occurred to 30 min TOM and N and to 10 min P. 
Depth profiles in sediment beneath the cages showed only 50% of the amount of TOM 
and N and 25% of the amount of P was present at 20 cm depth in comparison with the 
surface (Table 3:3). The TOMIN ratio was similar but the TOM/P ratio doubled in the deeper 
sediment At control sites sediment profiles showed only slight variation in percentage 
composition or ratios (Table 3:3). 
The benthic oxygen consumption (BOC) at Site 3 was greatest beneath the cages and 
decreased with distance from the cages (Fig. 3.4C). The 2 transects on the site with complete 
data available were not significantly different, but distance from the cage is a significant factor 
(p<0.001, Table 3.12A). There is no significant variation between corresponding A, B, C 
and control zones on the transects. When values from beneath the cages were included in an 
ANOVA with the combined A,B,C and control zones from all three transects the variation in 
BOC along the transect is highly significant (p<0.001, Table 3.12B). Comparisons of 
combined zones indicated significant differences (p<0.05) in BOC to 10 m from the cages 
(Table 3.12C). No values were obtained from zones B & Con transect 2 because of the 




The biochemical oxygen demand (BOD) of the sediment under the cages at Site 3 was 
39 gBOD5 in comparison with 3.6 gBOD5/g dry weight 18 m away.(Table 3:13). 
Table 3 :12. Biochemical oxygen demand (gBOD5/g dry weight) of the 
surface sediments. 
SITE SAMPLING POSITION 









Analysis performed by the Southland Catchment Board 
using standard methods. 










(Phillips et al 1985) 
(Beveridge 1984) 
( Edwards 1978). 
(Phillips and Beveridge 1986) 
(Lagler et al) 





3.2.5 MACROBENTHIC COMMUNITY 
Benthic infauna! analyses 
A complete list and classification of the species recorded from the sampled zones on 
each transect are provided in Appendix 1 and 2. 
The median number of individuals per 0.1 m2 sampled in the zones and control of Site 
3 are shown in Fig. 3.5A. Zones A and B, nearest the cage site, had the lowest abundance 
while Zone C had a greater density of individuals than the control zone (Fig. 2.1 ). 
The proportions of major taxonomic groups are compared within and between zones 
in Table 3.14. Overall, polychaetes accounted for the greatest percentage of total abundance 
at Site 3, followed by molluscs. Zone B had a polychaete numerical dominance of _69%, 
whilst in Zone A this class accounted for _82% of the total abundance. 
Total number of species per zone varied from seventeen to fiftytwo. Zone A had the 
lowest number with species richness increasing to a maximum at the control position (Fig. 
3.6). Beneath the cages no living macrofauna was found. 
The numbers of crustaceans, molluscs and echinoderms declined dramatically in 
proximity to the cages, accompanied by a large increase in the proportion of annelids (Table 
3.14). In Zone A the anoxic sediment supported a very restricted community composed 
almost entirely of four species, with other taxa represented by only one individual in most 
cases. Survival of a slightly more varied fauna was seen in Zone B, 10 m from the cage 
edge. 
Figure 3.5 Abundance and biomass of species and biomass of 
macrophytes at Site 3, 1985. Points are Wilcoxon 
medians and -95% confidence intervals 
A. Numbers of individuals per 0.1 m·2. 
8. Species biomass per 0.1 m·2. 
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Table 3:14 The proportions of major taxonomic groups at Site 3 
-----------------------------------
Taxonomic Group Zone A Zone B ZoneC Control 
---------------------------------------
% No. of Polychaetes 82t 69 46 56 
Species of Polychaetes 7 1 1 24 29 
0/o No. of Crustaceans 4 4 6 1 3 
Species of Crustaceans 4 3 9 8 
0/o No. of Molluscs 1 2 1 3 35 22 
Species of Molluscs 4 2 8 1 0 
% No. of Echinoderms 2 1 0 1 2 9 
Species of Echinoderms 2 3 4 5 
----------------------------------
t Rounded off to the nearest digit 
The cumulative species plots generally show the curves approaching or at an 
asymptote, indicating successive core samples would have resulted in little gain in collection 
of species not already sampled (Fig. 2.2). 
Little va..'"l.ation ber.veen zones in infaunal biomass was evident along the transect, with 
the maximum value, a median of 14.9 g per 0.1 m2 ,occurring in Zone C (Fig. 3.5B). 
Macrophyte biomass displayed a more obvious trend with higher median values from Zone 
C , 30 m from the cage position, and the control, demonstrating the inhibitive effects of the 
conditions closer to the cages on macrophyte survival and growth (Fig. 3.5C). 
The graphical representation of a community in Figure 3.6 displays the relative 
diversity in each sampling zone at Site 3 and the components of richness and dominance that 
influence its value. 
Figure 3.6 A. Richness, dominance and diversity curves for Site 3 
1985. 
0 Dominance; % of total of the most numerous 
species. 
~ Richness; species per unit area. 
0 Diversity; Shannon Weiner diversity index. 
B. K-dominance curves for Site 3, 1985. 
@] Zone A 
~ Zone B. 
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The values of the Shannon-Wiener index plotted show diversity increased with 
distance from the cage position to a maximum at the control. 
Simple dominance of the zones is displayed as the percentage of the zone dominated 
by the commonest species. This dominance, has its highest value in Zone A at 43%, 
decreases slightly to values which are similar for Zones B and C. A corresponding small 
increase in numbers of species in Zone B results in moderately increased diversity. A 
doubling of the number of species in Zone C caused only a relatively low diversity increase 
because Zone C yielded considerably more individuals. The control zone was most diverse 
with the highest species richness and a very even distribution of individuals among species, 
resulting in the lowest simple dominance of 12%. 
As sample size is constant it is reasonable to contrast differences in the shape of the 
K-dominance curves between zones (Fig 3.6B). K-dominance is not sample size 
independent but the cumulative species curves demonstrate that a high proportion of species 
present was sampled. Following the criterion of Lambshead et al (1983) there were 
significant differences between all the zones in the dominance and diversity of their infaunal 
assemblages. For Zones A and B the Y-intercept is higher and the curves shorter indicating 
a high degree of numerical dominance by the most abundant species and the presence of few 
rare species in comparison to the control zone. The uneven distribution of individuals 
among species shown is a pattern commonly associated with stressed habitats. Zone Chad a 
more equitable distribution of species and many more species represented but a higher initial 





Comparative data on the ten most abundant tax.a from Site 3 are provided in Table 
3.15. Differences and similarities in the occurrence of species among the zones were 
observed. Zones A and B possessed roughly similar faunal assemblages, whereas distinct 
faunal assemblages were found at Zone C and the control. 
Table 3.15. The most abundant species present in each zone at SITE 3 
SPECIES Zone A Zone B Zone C Control 
Eatoniella smithi (M) 19t 
Schistomeringos incerta (P) 5 6 
Capitella spp. (P) 9 O 
Ophiodromus augustifrons (P) 1 3 
Sphaerosyllis semiverrucosa (P) 4 
Amphipho/us squamata (E) 2 
Exogone heterosetosa (P) 6 
Sphaerodoridium sp. (P) 2 
Chirodota nigra (E) 
Parawaldeckia sp. (C) 2 
Sphaerosyllis sublaevis (P) 
Eunice australis (P) 
Proharpinia hurleyi (C) 
Amphiura annulifera (E) 
Terebellides stroemi spp. (P) 











































t Mean abundance (no. of individuals) values per 0.1 m-2 for the ten 
most abundant species in each zone 
+ indicates occurrence, but at a value less than those for the ten most 






The polychaetes Capitella spp. and Schistomeringos incena accounted for 70% of 
the total abundance in the depauperate Zone A. In Zone B the two polychaetes above and 
Ophiodromus augustifrons, along with the small littorinid gastropod Eatoniella smithi, 
constituted 71 % of all individuals sampled. In Zone C the abundant E. Smithi and nine 
other species, including reduced representation of the polychaetes mentioned above, 
constituted 7 4 % of the total. At the control dominance by particular species was not 
apparent, with the ten most common species assuming only 55% of all individuals. 
Many species exhibited distinct patterns of abundance spatially along the transect. Toe 
distribution of Capitella spp. and Schistomeringos incerta were essentially limited to areas 
influenced by the farming operations. In Zone B the benthic community was still 
numerically dominated by these two species with numbers of S.incerta doubling to reach its 
highest density in the enriched but not anoxic sediment. The abundance of Capitella spp. 
decreased from a mean of 90, to 60 individuals per 0.1 m2. In Zone C, 25 to 30 m from the 
cage position, Capitella spp. is no longer a numerically important community dominant 
while S.incerta is still relatively abundant. At the controls no Capitella spp were sampled 
and the number of D. incerta was negligible. 
Another noticeable trend is a large dimorphism in size between the Capitella spp. in 
Zones A and B and those at Zone C. Toe average capitellid individual weighed only 10% of 
those ii1 the areas closer to the cages. 
The polychaete Ophiodromus augustifrons was common at all sampling stations, as 
was the ubiquitous gastropod mollusc Eatoniella smithi, found in particularly high numbers 
in the slightly organically enriched Zone C. 
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Plate 4. Lush macrophyte growth and a holothuroidean Stichopus 















In Zone A a large proportion (_80%) of the shells of E. smithi were empty, the proportion 
of living animals increasing with distance from the farm. The ophiuroid Amphipholus 
sqzmmata and the polychaetes Exogone heterosetosa and Sphaerodoridium sp. attained 
maximum density in the slightly enriched Zone C. 
Another exogoniid Sphaerosyllis semiverrucosa and the amphipod P arawaldeckia 
sp. were the most common species at the control but were present only sparsely on the 
transect closer to the cages. 
Several polychaete species, including the syllid Sphaerosyllis sublaevis, the large 
tubiculous eunicid Eunice australis, the terebellids Leaena sp. and Terebellides stroemi, 
and the ophiuroid Amphiura annulifera were only sampled at distances of greater than 25 m 
from the cage sites. The distribution of other rarely occurring inf aunal animals was limited 
to the control zone, and they were absent from the areas measurably affected by the farms 
(plate 4.). 
Species have been assigned to one of five feeding groups using references listed 
beside each species in Appendix 1. In cases where there was uncertainty, an estimation of 
the dominant feeding mode was made on the basis of information on feeding biology 
contained in the references. Many benthic species have the potential to utilise more than one 
feeding mode. For example, polychaete families classically considered from the structure of 
their mouth parts to be carnivorous often include detritivores (Day 1967, Pearson 1971, 
Fauchald and Jumars 1979,Rainer 1982). Spionid polychaetes can filter feed with the aid of 
two elongate tentacles clad with mucus. However because water currents are slight in Big 




The five feeding groups are listed along with Figure 3:7 which displays the relative 
distribution of the groups in the zones sampled along the transect and at the control position 
for Site 3. At Zone A 71 % of all individuals were non-selective surface deposit feeders. 
The two polychaetes Capitel/a spp. and S. incerta made up virtually all of this group. The 
three other feeding groups were present in minor proportions, the only numerically important 
species being the omnivorous hesionid O. augustifrons and the small micrograzer and 
microdetritus feeding gastropod E. smithi. Zone B was only slightly more heterogeneous 
with the same species prominent with the addition of two non-selective deposit feeders, the 
holothuroidean C. nigra, the polychaete Sphaerodoridium sp, and a deposit feeding but 
facultatively carnivorous ophiuroid, Amphipholus squamata. 
Deposit feeding was also common among dominant species in Zone C but much 
additional complexity of feeding guild structure was present. Another notable trend was 
some animals of a larger size than those found in Zones A and B. Many isotrophic groups 
with representatives very restricted in distribution, or absent closer to the cages, were 
prevalent in Zone C including the primarily carnivorous polychaetes Eunice australis and 
Glycera tesselata, the predatory amphipod Proharpinia hurleyi and opisthobranch 
Pleurobranchia novaezelandiae. More selective deposit feeders included an ophiuroid 
Amphiura annulifera and the highly selective tentaculate feeding terebellids Terebellides 
stroemi spp. and Leaena sp. Two species of bivalves also occurred, Austronucula 
schencki and Solemya parkinsoni, which employ either deposit feeding by palp 
proboscides or ciliary filter feeding. The control displayed the most heterogeneous feeding 
group assemblage with less dominance by any particular feeding method. 
Figure 3.7. Percentage in defined feeding groups for Site 3, 1985 . 




Group 1 . 





1. Generalised carnivores and herbivores (including omnivores, 
scavengers and some possibly highly selective detritus feeders). 
2. Primarily carnivorous 
3. Selective deposit feeders ( including filtering, tentaculate and 
ciliary suspension feeding). 
4. Non-selective deposit feeders. 
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Visual survey of epifaunal animals 
Table 3.16 presents the results of the visual survey, designed to assess the relative 
distribution of common large epif aunal animals in relation to the cage positions. In general 
few epifaunal animals were found in Zone A and densities increased with distance from the 
edge of the cages. 
Table 3.16. Distribution of prominent epifaunal animals at Site 3 
--------------------------------------------------------------
Species Zone A ZoneB ZoneC 
Transect 1 2 3 1 2 3 1 2 3 Controls 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Stichopus mo/lis 7 1 6 6 36 1 8 30 35 49 66 1 9 2 6 1 2 
Patiriella regularis 30 39 81 79 1 1 43 45 1 1 45 3 29 1 5 
Allostichaster insignis 3 1 1 5 5 1 3 1 4 1 5 
Chlamys gemmulata 1 4 2 9 9 27 20 1 6 37 17 45 
Echinocardium cordatum - 4 6 3 17 24 14 
Pagurus sp. - - - 1 2 4 9 i 2 7 11110 21 
The deposit feeding asteroid Patiriella regularis was an exception as it was found in 
higher numbers in Zones A and B than in areas unaffected by the farm operations at the 
control positions. Another deposit feeder, the holothuroidean Stichopus mollis, also 
appeared to benefit from the organic enrichment with highest densities in Zones B and C. In 
contrast, the pectinid Chlamys gemmulata , the urchin Echinocardium cordatum and the 
hermit crab Pagurus sp. were only present in low numbers in Zones A and B and reached 




The sediment physicochemistry consistently exhibited significant gradients with high 
values under the cage site and the lowest values at the control positions for all measured 
parameters except grainsize. 
There was no appreciable current flow around the study sites, (Appendix 8) and an 
absence of other disturbing influences which might have generated large scale variability in 
the distribution of the measured parameters, apart from the impact of the cage sites. This was 
supported by the lack of variation in physicochemical conditions examined at the control 
sites. 
Sampling to assess variation in macrobenthic community structure demonstrated 
pronounced effects associated with the gradient in abiotic conditions. Beneath the cages all 
macrofaunal animals were absent, but with distance increasing diversity and complexity of 
community structure and function was apparent. 
3.3.1 GRAINSIZE 
This low energy inlet is dominated by the accumulation of mud, typical of such 
environments, with biogenic debris and minor amounts of sands. The sediments from Site 3, 







The very poor sorting values were presumably a result of neither wave action nor currents 
being effective in sorting the bottom sediments (Allen 1970, Stratham 1977). Gravel sized 
particles are uncommon in such situations, and in the study area were restricted to material 
contributed by the organisms present. This biological fraction of the sediments consisted of 
foraminiferan tests, considerable amounts of shell gravel and echinoderm spines and test 
fragments. 
3:3:2 SEDIMENTATION 
The relative impact of cage rearing on the benthos can be assessed by quantifying waste 
loading. The waste sedimenting below cage farms is composed largely of unconsumed food, 
dust and fish faeces, together with smaller amounts of scales, mucus and other detritus 
(Phillips and Beveridge 1986). 
The sediment under the cages at Site 3 received between 
63.7 - 120.4 g total organic matter (TOM) m-2 day-1. Organic carbon contributes about 50% 
to the weight of organic matter (Dean 1974, Hartwig 1976) and thus sedimentation from 
cages represents about 32-60 g C m-2 day-1. These sedimentation rates are far in excess of 
natural rates from similar marine environments. Valiela (1984) gives a range of 0.03 - 0.6 g 
C m-2 day-1 of vertical carbon flux for nutrient rich coastal waters, while Zeitzschel (1980), 
gave a range of 0.077 - 4.61 g C m-2 day-1 for some shallow marine environments. 
Significant deposition of solid waste has been reported around salmonid cage cultures 
(Alabaster 1982, Penczak 1983). However, sedimentation rates for marine cage farms have 












The rates measured in this study ,163 - 205 g m-2 day-1 (freeze dried weight), were similar to 
those reported below cages of salmonids reared in fresh water by Merican and Phillips (1985) 
and Phillips et al (1985), who measured averages of 149.6 and 123.9 g (dry weight) m-2 
day-1. 
Sedimentation under the cages in this study was fourteen times greater than at control 
positions 250 m away. In a review of the effects of marine and fresh water farms Ackefors 
(1983) reported sedimentation rates five times greater below cages, while Merican and 
Phillips (1985), found rates greater by a factor of twentythree in comparison with controls. 
The measurements from traps deployed 5 m from below the edge of the cages in this study 
collected three times as much material as the control positions, confinning that even in this 
low energy environment the waste is spread across the bottom to some extent, and thus 
measurements from under the cages alone underestimate the total solid waste loading from the 
operation. Collins (cited in Merican and Phillips 1985) also noted significantly greater 
sedimentation adjacent to the cage sites compared with control sites. Ackefors (1983) 
reported no increased sedimentation at 25 m from farms in contrast to this study in which, 
although there was no significant increase at 30 m, sedimentation was still 25% greater than 
at the control positions. 
Organic matter content of the material trapped below the cages was more than twice the 
amount by composition found at the controls. The sedimented material also contained 
considerably more nitrogen (11-18 times) and phosphorus (42 - 65 times) under the cages 




The significant gradients in TOM, N and P demonstrated a huge increase in the amount of the 
material accumulating on the bottom around the site and also its very different composition, 
with high concentrations of organic matter and nutrients not present in natural sedimentation. 
Resuspension of surface sediments may contribute to overestimation of sedimentation 
rates (see Hartwig 1976) but this was not considered important with measurements in this 
study because of slight currents and calm weather during deployments. The location of the 
trap opening 1.5 m above the sediment, and the very careful positioning to avoid 
resuspension by the diver, are further likely to minimise any potential errors. Problems with 
the use of sediment traps include macrofaunal organisms entering the trap and microbial 
activity altering the amount of material collected. These are not considered important here 
because of the very short deployment times used. Slight overestimation of trapped material 
resulted from inclusion of the salt content in the mass of the sample. The trapped material 
could have been washed in distilled water to remove salt, but the error was considered 
negligible and consistent between samples. 
A prediction of solid waste output from caged farms is commonly estimated from the 
output per tonne of fish produced per annum. This can be calculated for the values in this 
study of waste output per kg food fed (Table 3.5) and a food conversion ratio (FCR). Using 
a range of FCR's from the literature (Table 3.14), the calculated solid waste output per tonne 
of fish produced for this study was between 0.456 and 1.407 tonnes. Although these 
represent two sampling periods and do not take into account annual fluctuations in waste 
output, they compare well with a range of values reported in the literature of 0.545 - 1.268 t 
(Merican and Phillips 1985), 0.29 - 0.655 t (Phillips and Beveridge 1986) for cage cultures, 











The total amount of phosphorus (P) and nitrogen (N) released per tonne of fish 
produced can also be estimated from FCR's and the P and N concentrations in the fish and 
the pelleted feed (Beveridge 1984). 
The mean P content of a salmonid is 0.48% of wet body weight (Beveridge 1984). 
The P content of the food pellets is 3.14% (Table 3.4), so 1 tonne of feed contains 31.4 kg. 
ForFCR's of 1.4:1- 3.7:1 (Table 3.14) the total waste loading is between 39.2 and 111.4 
kg of P per tonne of fish produced. Beveridge (1984) estimated a range of 10.2 - 32.7 kg for 
FCR's of 1.0: 1 - 2.5: 1 but with a lower P content in the feed of 1.5%. If the solid P wasted 
per tonne of fish produced is calculated using waste output per kg of food fed (Table,3:5), 
and FCR's, it gives a range of 9 - 27.4 kg of P per tonne of fish produced. This range 
encompasses the 18.7 kg P t-1 estimated by Phillips and Beveridge (1986) for a Scottish 
salmonid cage farm. 
The mean N content of a salmonid is given as 2.55% of wet body weight in Penczak et 
al (1982). An estimated total loss of N to the environment of 74 - 237.6 kg of N per tonne of 
fish produced can be calculated from a feed content of 7 .11 % and the same FCR's. This 
range closely resembles 68.4 - 193.2 kg given for a freshwater trout culture (Merican and 
Phillips 1985), and 108 kg for a tank system (Ackefors 1983). The N solid waste per tonne 
of fish produced ranges from 4.09 - 12.39 kg which is lower than 39.95 kg given by Phillips 
and Beveridge (1986). 
The high solid load beneath the cages could be a consequence of digestibility of the 
pellets, poor assimilation at high feeding rates and direct food wastage, as well as salmon 
faeces. Salmonids are near surface visual feeders and only ingest food particles of a certain 





Food particles outside this size range, such as dust, will not be eaten and will directly 
contribute to wastes for the operation. It was difficult to assess the contribution of wasted 
food to the solid loading. 
Uneaten food pellets disintegrate rapidly, yet they were often visible in the sediment 
traps and on the sediment below, suggesting that there was excess food wastage on the site at 
this time. Lost food components have been found to constitute a main part of the pollution 
from fish farms (Bergheim et al 1982). For intensive salmonid culture, total feed losses have 
been estimated to be _20% (Beveridge 1984), 5% to 40% (Phillips and Beveridge 1986) and 
33% (Penczak et al 1985). Ackefors (1983) suggested faecal production of 259 g of dry 
matter was produced per kg off ood fed for a salmonid cage culture. The total solid loading 
for the sampling periods in this study was greater by about a third at 326 - 380 g per kg of 
food fed, which suggests poor assimilation of the food or direct food wastage. 
Comparisons of the concentrations of TOM, N and Pin the pelleted feed (Table 3:4) 
a.ri.d solid waste collected under t.1-ie cages (Table 3:5) show that 15 - 26.2% TOM, 4 - 5.3% 
of N and 20.4 - 26.8% of the P fed in the diet eventually sedimented out as solid waste. 
These values for solid waste are generally less than those reported in the literature. A study 
of salmonid cage culture (Phillips and Beveridge 1986) measured 30.5% N and 58.8% P fed 
sedimenting out as solid waste. Phillips et al (1985) calculated that 38.5% N and 69.6% P 
were lost as solid loading, and in another study Merican and Phillips (1985) reported 21.8% 
N and 65.9% P. These figures are higher than those calculated for Big Glory Bay because, 
except in the latter case, their traps were suspended directly under the bottom of the nets, 
whereas in this study they were located on the bottom below the cages. 
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This may have led to underestimation of the solid loading in this study because of dispersion 
and dissolution of the waste before being trapped, as indicated by the significant loadings 
noted 5 m from the cage perimeters. 
3.3.3 WATER COLUMN NUTRIENTS 
The intensive culture of salmonids has been shown to considerably increase water 
column dissolved nutrient load (Alabaster 1982, Beveridge 1985, Phillips et al 1985). The 
mechanisms for direct release of nutrients to the water column include leaching from waste 
food and faeces during their descent through the water column (Merican and Phillips 1985), 
release of soluble nitrogenous wastes by salmon (Bergheim et al 1982 and Phillips et al 
1983), the degradation of organic matter once on the bottom (Ackefors 1983) and 
regeneration by bacterioplankton (Nixon 1981). Estimates of soluble waste loading for this 
stt1dy emphasise the substantial input of ecologically i..Tipor+u111t elements .. 
A subtraction of solid P from total P waste, calculated in section 3.3.1 suggests that the 
major proportion of the P released into the environment (72 - 77%) is in a soluble form. This 
proportion is within the range of 17 - 98% reported in a review of effluent outflows from 
Norwegian salmonid farms (Alabaster 1982) but is considerably higher than the 26.1 % 
calculated in a budget for a freshwater rainbow trout culture in Scotland (Phillips and 
Beveridge 1986). 
From the difference between Total N and solid N waste it can be inferred that of the N 






This is similar to 89.1 % measured by Phillips et al (1985) in a budget for a freshwater loch, 
but considerably higher than 48.7% given as a proportion by Phillips and Beveridge (1986). 
The calculations for N and P suggest high proportions of soluble wastes from this 
study in comparison to fresh water studies. The soluble waste may be overestimated because 
the calculations assumed all solid waste sediments beneath the cages and that all food has 
been ingested with a proportion of it assimilated by the fish. 
Differences in the water chemistry were noted between the cage sites and the control 
positions with markedly higher concentrations especially apparent in the bottom water at both 
sampling times, and in the surface water in the vicinity of the stocked cages. 
Nitrate-N was the main species of dissolved inorganic nitrogen (DIN) in the surface 
waters at the control position, but around the stocked cages ammonium-N was dominant, 
contributed in the nitrogenous wastes of the salmon. Except in heavily polluted locations 
ammonia levels are normally significantly lower than nitrate in the water column (Herbert 
1982). Ammonium-N is usually the preferred form of inorganic nitrogen for uptake by 
phytoplankton (Dugdale and Goering 1967). Elevated concentrations in the surface waters of 
the salmon cages indicate potential for localised stimulation of phytoplankton. Nitrite-N was 
not present in measurable concentrations in the surface waters except at the cage site. 
Orthophosphate concentrations varied in a similar fashion to DIN, with slightly higher levels 
in the surface waters at the sites. 
Measurements during the sediment trap deployments showed that 63.7 - 120.4 g of 
TOM, 1.4- 2.1 g of TN and 3.5 - 4.2 g TP were added to each m2of the sediment below 
each cage per day. 
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These large additions to the sediments below the cages would result in greatly enhanced 
nutrient recycling as the rate of decomposition of organic matter and regeneration of nutrients 
is directly correlated with the input of organic matter (Zeitzschel 1980, Duff 1981, Nixon 
1981). 
Dissolved inorganic nutrients were measured in very elevated concentrations in near 
bottom water under the cages. These increases were attributable to degradation of the organic 
matter accumulation associated with intensive salmonid culture. High benthic oxygen 
consumptions were measured under the cages which are also positively correlated with 
enhanced mineralisation of organic matter in shallow water areas and release of nutrients 
(Valiela 1985, Zeitzschel 1980, Nixon 1981). 
In organic rich anaerobic sediments, of which those beneath salmon cages are an 
extreme case, ammonium is produced by several processes, including ammonification and 
fermentation by anaerobic bacteria (Herbert 1982), sulphate reduction (Jorgensen 1982) and 
dissolution of adsorbed a..mmonium (Ya..rnada et al 1986). Under these conrlitions where 
ammonia is more abundant than nitrate and nitrite (Valiela 1984), and dissimilatory 
ammonium production predominates over denitrification (Enoksson and Samuelsson 1987), 
high fluxes of ammonium from sediment have been measured (Zeitzschel 1980). The 
denitrification process occurred in the sediments under the cages to some extent as evidenced 
by 18% nitrogen gas in gas bubbles emitted from the sediment under cages in Big Glory Bay 







In the oxygen depleted waters above the organic accumulation and oxidised sediment 
layers, regeneration of nitrate would have occurred by the process of bacterial nitrification of 
ammonia, described by Zeitzschel (1980), to produce the elevated concentrations of nitrate 
measured. 
In marine waters dissolved phosphorus is normally found at low concentrations 
because of adsorbtion to suspended material including clays, and formation of insoluble 
compounds in aerobic conditions with certain metals, particularly ferric oxides (Krom and 
Berner 1980, Stumm and Morgan 1980). These compounds act as a trap for phosphates 
produced by benthic mineralisation. Oxygen depletion, measured beneath the cages, destroys 
the adsorbtive capacity of the sediment, reduces phosphorus oxidation states and the H2S 
present reduces ferric to ferrous iron (Billen 1982). These mechanisms cause the 
solubilisation of phosphate aided by inhibition of adsorbtion in clay particles due to coating 
with organic matter. These processes can produce considerably elevated concentrations of 
orthophosphate and total phosphate (Krom and Berner 1980) as noted in the near bottom 
waters at the cage sites. 
Degradation of this organic matter accumulation would have resulted in interstitial water 
concentrations for nitrate, ammonium, phosphate and hydrogen sulphide far exceeding those 
found in the overlying water, leading to fluxes through the sediment-water interface. 
Migration to the bottom water would have been mainly by diffusion of dissolved species 
down concentration gradients (Billen 1982) because appreciable water movement seems 
unlikely to occur at the site except during storm events, and the defaunated sediment beneath 




Field studies elsewhere have suggested the important contribution of benthic nutrient 
regeneration to phytoplankton productivity and nutrient budgets of shallow coastal areas, 
especially where large amounts of nutrients are supplied from a source outside the ecosystem 
(Zeitzschel 1980, Nixon 1981, Kelly et al 1985). 
The large amount of N contributed annually by the caging operation could affect Big 
Glory Bay because nitrogen is frequently implicated as the primary nutrient limiting 
phytoplankton growth in comparative studies of estuaries and in coastal marine waters 
(Ryther and Dunstan 1971,1977, Nixon 1981, Herbert 1982, Smith 1984, Sanders et al 
1987). 
Increased nutrient loading of marine coastal areas can enhance phytoplankton biomass, 
production and system metabolism leading to eutrophication especially in combination with 
relatively low water exchange (Nixon et al 1980, Kelly et al 1985 and Rosenberg 1985), 
These conditions existed in the head of Big Glory Bay. The high rate of bacterial 
decomposition wflich occurs under tl1e cages a..TJ.d elevated concentrations of inorg&.T}ic 
nutrients in near bottom waters would suggest that under conditions of limited mixing and 
dilution in a semi-enclosed body of water, these nutrients could noticeably stimulate · 
phytoplankton production. Eutrophication effects have been reported in fresh water bodies 
containing cage cultures (Korzeniewski et al 1982 and Penczak et al 1983). 
Dinoflagellate blooms can occur as a consequence of nutrient enrichment Intense 
blooms of toxic dinoflagellates have caused massive kills of fish and benthic invertebrates 
(Simon and Dauer 1972, Rosenberg 1985) and further mortalities may occur due to the 
effects of anaerobic conditions accompanying the masses of dead, decaying organisms. 
Plate 2. Conditions 8 m from the edge of the cage position. A 
transition zone between anaerobic and aerobic 
conditions. Note the patches of black mud and and 










Plate 3. About 15 m from the edge of the cages macrophytes 
persisted as complete cover but depressed growth and 
the lack of epifaunal animals suggested that the 
environment was still affected by the sedimentation 





















Recent experiments in Scottish lochs have shown that long-term increases in the 
concentration of dissolved phosphorus and nitrogen and number of algae can occur after the 
introduction of cages. Blue green algae are typical of eutrophic nutrient rich waters and are 
common on many fresh water cage sites (Phillips et al 1986). Apart form affecting dissolved 
oxygen concentrations, some algae taint flesh or produce toxins which may have sublethal 
effects ( Penczak et al 1983, Phillips and Beveridge 1986). 
3.3.4 DEGRADATION OF THE ACCUMULATED ORGANIC MATTER 
The sediment appearance and texture was an obvious indication of the impact of the 
cage operations on the benthos. The sediment at control positions was light brown indicating 
oxic conditions and covered in a carpet of Lenormandia chauvinii (plate 4). Sediments 
directly under the cages were soft, flocculent, interspersed with gas bubbles and covered with 
Beggiatoa. On this surface recently deposited food was obvious (plate 1). The sediment 
beneath the surface was dark brown/black and the odour of hydrogen sulphide was obvious. 
At increasing distance from the cages the bacterial mat became more patchily distributed but 
the surface sediment was black. In turn this gave way to areas of brown and green 
colouration, presumed to be diatom films and, about 8 m from below the edge of the cages 
,some sparse macrophytes su..-.-.1ived (plate 2). At about 15 m from the cages the macrophytes 
persisted as complete cover but depressed growth demonstrated the algae was affected by 
sedimentation and the resulting conditions (plate 3). The gross appearance of the sediment 
surface around the cages was analogous to that reported under marine cage operations in the 















Considerable increases in organic matter content of the sediment around cage cultures 
have been reported (Alabaster 1982, Trojanowski et al 1982, Beveridge 1984). Such a 
gradient was measured in this study of 34.3% TOM under the cages, in comparison with 
14.6% at controls. 
These values can be compared with TOM concentrations in surface sediments of similar 
sublittoral areas where collection and analysis methods were equivalent (Mook and Hoskin 
1982). Clay and silt dominated sediments at Kenepuru Sound, New Zealand containing 6.2 -
7 .1 % TOM (Kaspar et al 1985), while organic matter content at a reference site in a study of a 
mussel culture on the Swedish west coast was 10 - 12% (Dahlback and Gunnarsson 1981). 
The higher values recorded from controls in Big Glory Bay may be attributable to high 
terrigenous input (Mackenzie and Gillespie 1982) and the sediment's domination by clay and 
silt fractions which are characterised by a greater organic matter content (Pamatmat 1971a) . 
Dahlback and Gunnarsson (1981) measured 24% TOM where high sedimentation occurred 
under the mussel rafts, which was considerably lower than under the cages in this study. 
Significantly elevated TOM values occurred out to 30 m from beneath the edge of the cages 
demonstrating the spread of detritus sedimenting below the cages. 
The percentage TN in surface sediment under the cage site was about 3 times higher 
than at the control position. An even more pronounced difference was obvious in TP with 
over 30 times more phosphorus found in t..lie accumulation of organic matter under the cages 
in comparison with the surface mud at the control position. Increases of TN and TP content 
in the sediments around salmonid cage cultures have been noted by Korzeniewski (1982), 








The gradients, with exceptionally high values under the cages, suggest accumulation of 
organic material exceeding the mineralisation capacity of degradation processes (Nixon 
1981). 
Samples from 20 cm below the sediment surface beneath the cages showed a 
magnitude of effect less than was apparent at the surface, but were still considerably elevated, 
especially in TP, compared to similar sediments at the control positions, which showed little 
variation with depth. This demonstrated that even over seven months of operation the 
volume of enriched sediment was considerable. 
A comparison of the composition of salmon food and surf ace sediments indicated that 
as a proportion the sediments had about 11 % of the TN and 90% of the TP content of the 
food (Table 3.3). While a comparatively large proportion of TN appears to have been 
channelled into fish production, soluble loading and degradation, relatively more of the TP 
contributed by the salmon food and fish excretory products of the fish accumulated in the 
sediments. 
The composition of the surface sediments beneath the cages and the material 
accumulated in the sediment traps were almost identical with respect to TOM, TN and TP 
(Table 3:3). This emphasises that the top layer of sediment was almost totally made up from 
the solid waste from the cages little altered by any decay process, presumably because of the 
high sedimentation rMe. 
The decay of organic matter is a complex of several processes including leaching of 










The accumulation of carbon compounds can be degraded by dissimilative reactions such as 
fermentation, nitrate reductions, denitrification and sulphate reduction where reduced organic 
compounds are the source of energy. In the latter three reactions some oxidant must be 
transported into a reduced environment from an oxidised environment. This usually means 
that the microbial reactions take place near the interface between oxidised and reduced 
environments (Valiela 1984). 
Sulphate reduction takes place in anoxic sediments or waters where strictly anaerobic 
bacteria can use S042- as a terminal electron acceptor after nitrate, Mn4+ and Fe3+ are depleted 
because of their higher energy yield (Nedwell.and Brown 1982, Ahmed and King et al 
1984). Since there is little nitrate in coastal marine sediments, sulphate reduction becomes the 
dominant process by which organic carbon is oxidised (Malcolm et al 1986). In Limfjorden, 
Jorgensen (1977a) estimated 53% of organic carbon to be consumed by sulphate reduction. 
Sulphate reduction and hydrogen sulphide production have been positively correlated to high 
rates of sedimentation under mussel rafts (Dahl back and Gunnarsson 1981) where conditions 
were analogous to those which occurred under the cages. A high sulphate reduction rate 
under the cages in this study was indicated by substantial hydrogen sulphide concentrations 
in the near bottom waters and the visible dominance of sulphur bacteria as dense cell masses 
or 'sulfuretta', as described by Jorgensen (1977c). Beggiatoa grows in the presence of 0 2 
and H2S a."ld stores gra."lules of elemental sulphur. Since H2S is not stable in oxic water due 
to auto catalytic oxidation by 0 2, the organism is found at oxic-anoxic transition zones where 






In conditions resembling those under the cages of anoxic conditions in fine sediments 
with high organic content, sulphate reducing bacteria release enough H2S to create toxic 
conditions in bottom waters (Dahlback and Gunnarsson) 1981, Jorgensen 1982 ). This gas 
will kill or stress fish in cages if it reaches them (Ackefors 1983). Dilution and chemical 
oxidation as well as biological oxidation at the sediment-water interface by the sulphur 
oxidising bacterial mat, act to prevent accumulation of H2S further up in the water column 
(Jorgensen 1982, Nedwell and Brown 1982), so the concentrations measured in this study 
suggest a high rate of production. 
Methanogenic reactions with their very low energy yield generally occur in 
environments where oxygen and nitrate have been exhausted, such as anaerobic muds rich in 
organic matter (Valiela 1984). Methane concentration is generally low where sulphate 
concentration is high because there is competition for substrates by sulphate reducers (Billen 
1982, Ahmed and King 1984). Under the cages, very high inputs of organic matter were 
likely to cause depletion of sulphate near the surface of the sediment due to sulphate 
reduction. Reducing activity of sulphate reducers allows methanogenesis to occur with 
release of methane from sediments by bubbling (Nedwell 1982). This occurs on the cage 
sites in Big Glory Bay. The gas bubbles collected by Mackenzie and Gillespie (1983) from 
beneath cages in Big Glory Bay contained 60% methane. Samples of gas collected by Earll et 






3.3.5 OXYGEN DEMAND OF SEDIMENTS AND DISSOLVED OXYGEN IN THE 
WATER COLUMN 
Lowered dissolved oxygen (DO) concentrations in the water column at Site 3 around 
occupied cages were attributable to the respiration of the fish and oxygen demand of the 
sediments. A reduction of DO by 25 - 30% was reported around cages in a fresh water lake 
by Korzeniewski et al (1982). Jorgensen (1980) measured an oxygen gradient above the 
sediment, due to anoxic degradation, similar to that found underneath the cages at Site 3, of 
0.6 mg 0 2 1-1 at 0.05 m above the sediment, 4.1 at 02 - 0.3 m, to 8.4 mg 0 2 1-1 0.5 m 
above the sediment. The white mat which develops under the cages is composed primarily of 
filamentous bacteria resembling Beggiatoa (Mackenzie and Gillespie 1982 ), a colourless 
sulphur bacteria, which is known to grow at interface of oxygen and sulphide zones 
(Jorgensen 1982). 
The total oxygen uptake by the sediment surface (Benthic oxygen consumption 
{BOC}) is a measure of the community metabolism (Pamatmat 1971b, 1977, Jorgensen 
1977a). As such it was a useful comparative measure to ascertain the extent and intensity to 
which the caging affected the bottom. The immediate source of oxygen for these processes is 
the water layer above the sediments. Where organic input is very high, such as beneath the 
cages, the rate of bacterial decomposition a..?J.d associated oxygen consUi.Tiption will also 
increase. The decay of the organic substrates consumes oxygen in excess of renewal by 
diffusion and mixing from above, resulting in anoxic conditions and suffocation of benthic 







The grainsize composition of the sediments affects the development of reducing conditions as 
increased amounts of clay, which constitute about 34% of the sediments at the study sites, act 
to raise the redox discontinuity potential towards the surface (Fenchel and Reidl 1970). 
Although BOC represents metabolic activity of organisms responsible for the oxidation 
of current organic matter deposits, it does not quantify the total benthic community 
metabolism because it does not include anaerobic activity in deeper layers (Pamatmat 
1971,1977, Dale 1978). 
Macrofauna contribute to total benthic oxygen consumption by their respiration. 
Macrofaunal sublittoral surveys reported by Smith (1973) and his own results gave a range of 
5 - 34% of total community respiration in undisturbed communities, while in organically 
enriched sediments studied by Dale (1978), the biological consumption varied between 9.3 -
48.6% of total consumption. Smith (1973) also reported that bacteria contributed 30 - 60% 
to total respiration while the proportion of sediment chemical oxidation was only 5 - 9%. In 
the defaunated areas beneath the cages in Big Glory Bay, bacterial respiration and sediment 
chemical oxidation must have been responsible for all the oxygen consumption, while at 
zones B, C and the control positions macrofauna would be increasingly important 
There is good experimental evidence that total oxygen consumption is directly 
correlated with the input of organic matter to the bottom (Zeitzschel 1980, Nixon 1981, Kelly 
a.rd Nixon 1984). It is expected that higher organic matter concentrations in the sediment 
should result in higher BOC values but several workers have been unable to show a 
correlation because of the range of depths and sediment compositions or small ranges of 




The situation in this study was perhaps ideal for looking at this relationship because of the 
very uniform environment with high point source input of organic matter from the cages. A 
Spearman rank correlation between benthic oxygen consumption and percentage total organic 
matter for all the silty/mud sites and controls gave a highly significant correlation (R=0.812, 
P < 0.001). 
The BOC measurements for the C zones and the control areas were under estimated 
because the benthic macrophytes were parted to position the corer. While this was necessary 
to avoid severe distortion of the sediment column with the tangle of plants, it means that the 
respiration of the macrophytes in the dark incubation was not included in the total. For this 
study measurements were always started at full oxygen saturation so that consumption rates 
for all cores were comparable. The results may over estimate natural uptake rates in areas 
with an oxygen deficient boundary layer at the sediment water interface by increasing oxygen 
availability (Jorgensen 1977a). Some cores from beneath the cages reduced the oxygen 
content to less than 2 ml 1-1 during the incubation. This was the minimum DO concentration 
measurable with the probe to avoid H2S poisoning of the electrode. The maximum rates of 
0 2 consumption may be underestimated in these cases because decreasing oxygen availability 
may have reduced the rate of uptake before the end of the incubation (Pamatmat 1977). 
Uptake rates for the total oxygen consumption of Site 3 varied from a range of 22.5 -
36.7 beneath the cages to 3.1 - 8.5 !Pl 0 2 m-2 hr-1 at the control positions. Compa..-.jsons 
with values from other studies of BOC in coastal marine sediments are generally not valid 






Variation in core type, in situ or laboratory measurements, continuous or no stirring, and the 
incubation time, all affect the rate of oxygen uptake by the sediment (Jorgensen 1977a, 
Pamatmat 1977a and b, Bowman & Delfino 1980). The measurements taken in this study 
provide useful relative values for comparison within the sampling area. Dale (1978) reported 
oxygen consumptions in muddy sand of Lindaspollene, Norway, with a range of 5.1 - 18.5 
ml 02 m-2 hr-1 using methods similar to those in this study. Diffusion of oxygen into the 
sediment may have been impeded by the high proportion of silt-clay fraction (Smith 1973) 
found at the study sites, resulting in lower BOC values despite the high organic content of the 
sediment. 
The mean values for all transects of Site 3 suggest 0 2 consumption rates five times 
greater under the cages than at controls. The results of the two factor ANOV A show that 
there is no difference between the transects in the pattern of values which demonstrated a 
gradient of higher values closer to the cages. Rates of oxygen consumption in the zones 
extending outward from the cage showed that severe effects of organic loading are localised 
and limited to an area between 10 and 25 m from the perimeter of the cages. There is no 
significant difference between the controls and zone C, but a larger mean value suggests that 
some stimulation in benthic activity still occurs. Earll et al's (1984) study of salmonid cage 
rearing in Scottish sea-lochs reported that the effect of deoxygenated water spread over an 
extensive area around the cages. Redox measurements fadicated that sediments 20 - 30 
metres distant from the cages were anoxic at the surface in their study. 
The high BOCs measured around the site were expected because many quantitative 
studies of intensive salmonid aquaculture discuss the high oxygen demand of the wastes 







Ackefors (1983) reported an estimate of 4.5 kg 0 2 day-1 tonne of fish-1 for fish in net pens. 
For pond culture of rainbow trout in Europe the biochemical oxygen demand of the discharge 
ranges from 1.6 - 2.74 kg 0 2 day-1 tonne of fish-1 produced, not including sediment left in 
the ponds (Hansen 1979, Bergheim ~ al 1982). 
The biochemical oxygen demand (BOD) of the sediments beneath the cages and at 10 
and 18 metres distance, demonstrated the rate of removal of 02 by organisms using the 
dissolved or particulate organic matter and chemical oxidative processes to be about ten times 









3.2.6 MACROBENTIDC COMMUNITY 
Marine macrobenthos responds in a characteristic manner to increased levels of 
sediment organic enrichment (reviewed by Pearson and Rosenberg 1978). As samples are 
taken with increasing distance from the completely defaunated area subjected to exceedingly 
high organic loading, a limited assemblage is encountered, followed by high densities of 
certain macrobenthic species, which appear to be specifically associated with disturbed 
sediments ( Grassle, Grassle and Grassle 1974, Gray 1979). Further along this gradient of 
enrichment, stimulation of the benthic economy may occur where abundances and biomass 
increase above levels characteristic of the unpolluted environment. 
Sea cage salmon farming generates large amounts of material which has similar effects 
on the benthic environment to other sources of organic enrichment such as sewage outfalls 
and effluent from primary industry, but the scale of impact is considerably less. With the 
exception of Brown et al (1987) little quantitative information has been published concerning 
the detailed effect of conditions generated by sea caging on macrobenthic communities. 
However studies have reported gross polluted conditions under the cage positions and highly 
enriched sediment to at least 10 - 15 m, outside of which there is a further area of slightly 
enriched sediment (Brown et al 1987, Earll et al 1984). 
The detection of pollution effects on the benthic commUI-iity was assessed using 
measures of the relative abundance of species along a gradient from the cages and 

















Another indication of pollution impact employed was the absence of species or groups of 
species that are known to be intolerant of such conditions, or conversely, the presence or 
dominance of species capable of reaching high densities in adverse environmental 
conditions. 
The theoretical basis of pollution induced disturbance on benthic communities is often 
explained in terms of the intermediate disturbance hypothesis of Connell (1978) and the 
general hypothesis of species diversity Huston (1979). An undisturbed assemblage of 
organisms would have a low diversity due to competitive exclusion. Within this community 
diversity is both niche and time-stability dependent, thus a heterogeneous sediment 
accommodates a higher infauna! diversity than a homogeneous one (Sanders 1968, Gray 
1974). Disturbance initially raises diversity by preventing competitive exclusion. 
Conservative species, typified by large body size and long lifespan, are disadvantaged and 
other species utilise the available food (Thistle 1981) and space. Opportunistic species 
eventually become more dominant in numbers and biomass. Further on the scale of 
disturbance, diversity is lowered by mortality of species unable to tolerate the conditions. 
The impact of cage rearing on macroinfauna at Site 3 is obvious when the basic 
quantitative parameters used in benthic ecological investigations of number of species, their 
abundance and biomass are considered. Clearly there is a reduction in numbers of 
individuals ai,d species with proximity to the cage edge and the death of all animals beneath 
the cages. High variation in abundance per sample is evident in Zones B and C. This 
distribution is typical as patchy dispersion of benthic polychaetes in organically rich mud has 




In Zone B patchy survival of macrophytes, irregular areas of anoxic mud on the surface and 
small areas covered with filamentous bacterial growths (Plate 2) would affect infaunal 
distributions. Another factor which may have influenced the confidence estimates of the 
median is small sample size. The peak of density but large variability between samples 
obvious in Zone C may be because it occurs in the 'transitional' area. This area is one of the 
successional stages described by Pearson and Rosenberg (1976) which is characterised by 
large fluctuations of abundance. Individual numbers, biomass and species may increase 
above the levels encountered in the reference area (Dauer and Connor 1980, Stull et al 1986, 
Ansari et al 1986). 
This occurs in areas where levels of organic input ate sufficient to cause what is termed as 
'bioaccumulation'. The organic material and the microbes utilising it as a substrate serve as 
an abundant food source for the fauna resulting in increased numbers of tolerant species. 
Little change is apparent in median infaunal biomass at greater than 5 m from the cage 
edge. The 'classic' biomass curve portrayed in the SAB diagrams of Pearson and 
Rosenberg (1978) did not occur. The anomalous curve may have been caused by large 
individuals of Capitella spp. in Zone A increasing the median value. In addition the 
expected pattern of higher biomasses associated with a maximum abundance of opportunistic 
species may have been partially lacking as higher sample numbers of these species occurred 
towards the end of the zone suggestfr1g slight displacement from the peak of opportunists. 
Macrophytes were completly destroyed beneath the cages. Along the transect a general 
increase in biomass but patchy distribution were noted. These zones showed visible heavy 




The variation in seaweed abundance may be an important component in changes in 
community structure in chronically affected areas because of its importance as a food 
resource and in increasing spatial heterogeneity (Valiela 1984). 
The overall predominance of polychaetes in proportion to other taxonomic groups is typical, 
as they are in general the most abundant animals in benthic soft bottom communities (Knox 
1977), both in terms of the numbers of individuals and the numbers of species. In enriched 
or disturbed locales the dominance of certain polychaete species capable of reaching high 
densities has been observed worldwide. 
Very similar impacts on the macrobenthic assemblages have been reported by Brown 
and coworkers (1987) in their study of a salmon farm in a loch on the western coast of 
Scotland. Similar benthic effects have also been observed under mussel cultures in Swedish 
coastal waters by Dahlback and Gunnarsson (1981) and Mattson and Linden (1983). The 
macrofaunal community was drastically altered under conditions of heavy but localised 
organic input with complete disappearance of the original benthic community in the 
proximity of the mussel cultures and replacement by opportunistic polychaetes. Faunal 
impoverishment was measured to 20 m from the cultures in comparison to 10 m in this study 
and for a salmonid farm in Loch Spelve (Brown et al 1987). 
In reviewing the concept of diversity Peet (1974) stated that no generally accepted 
rJpf'1un1tr" l"\n harl PffiPT'gPrl h,,,-.a,H,P of' f-h,:> t-he T'nn lt-t-nli" n~t-y ,-..f' ,.....ean~~g" n~d l0 nterpreta,_;o-~ 
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attached to it. Despite the vagueness of the term, benthic ecologists find it convenient to use 
a diversity value to assess changes in community composition. Shannon-Weiner, as a type 1 
index, is most sensitive to changes in the importance of rare species in the sample. 
:)-
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A strong gradient in diversity occurred around the cage sites in Big Glory Bay with many 
more rare species represented by a few individuals present at greater distances from the cages 
in contrast to a very restricted community of few species in the sampling zones nearer the 
cages. Lowered diversity associated with organic loading is commonly reported for many 
anthropogenic inputs including pulp mill effluent (Pearson 1975), sewage dumping (Walker 
and Rees 1980) and aquaculture (Brown et al 1987, Earl et al 1984, Mattson and Linden 
1983). 
Lambshead and his coworkers (1983) discuss compelling reasons for the use of K-
dominance curves to detect differences among assemblages of marine benthic species. Their 
ease of interpretation is obvious as the difference between the zones and the control can be 
determined at a glance. A clear trend of decreasing diversity with proximity to the cages is 
evident. Intrinsic diversity indices, including Shannon-Weaver, can be relied upon only to 
give the same diversity ordering of a set of assemblages if the k-dominance curves do not 
intersect. If the curves intersect then the assemblage calculated to be the most diverse 
depends on which diversity index is used. Finally k-dominance has the advantage over 
many alternatives of conceptual and computational ease. 
Dominant species constituted a very large proportion of the community in the sediment 
around the cages. Such a distribution is typical of populations from early successional 
stages or harsh environments. For simple dorriina..11ce of the most abundant species, higher 





In Zone A the most common species was Capitella spp. which has a cosmopolitan 
distribution, and its presence as an abundant or dominant member of communities has been 
widely interpreted as indicative of organic enrichment or pollution ( Grassle and Grassle 
1974, Pearson and Rosenberg 1978, Gray 1979). Schistomeringos incerta, a codominant 
in Zones A and C, was the most abundant species in Zone B. This species of the family 
Dorvilleidae , a versatile group able to adapt to food available and type of substratum, is also 
often associated with highly polluted areas (Pearson and Rosenberg 1978). The relative 
importance of Schistomeringos incerta resulted mainly from a large number of individuals 
collected in one core, emphasizing the patchy distribution of this species. The small 
gastropod E. smithi occupied secondary dominance position in Zones A and Band was the 
numerical dominant in C. Another small gastropod Hydrobia spp. has been noted as 
abundant on the edges of highly enriched areas (Pearson and Rosenberg 1978). 
Common environmental variables which might be expected to affect the distribution of 
benthic animals are, amongst others, depth, current, velocity, sediment type and organic 
content (Pearson 1970). 
Site 3 and the control were located at a constant depth and lack of appreciable current 
flow (Appendix 8) in the head of Big Glory Bay was recorded. The uniformity of sediment 
grainsize classes over the study sites and their controls (Section 3.3.1) is important because 
in the absence of other sources of variation or disturbance there is a well established 
correlation between sediment type and fauna! distribution (Rhoads 1974, Gray 1974, 
Levinton 1982). 
Organic content and the associated products of the degradation process were directly 









Significant gradients in sediment organic content were the result of very high sedimentation 
rates around the cages (Section 3.3.2). Conditions in the sediment associated with organic 
enrichment included reduction in dissolved oxygen content of the overlying water, high 
benthic oxygen consumptions by the sediment and elevated concentrations of hydrogen 
sulphide in the bottom water near the cages (Section 3.3.4 and3.3.5). 
Similar changes in community structure to those observed in Big Glory Bay have been 
demonstrated in field studies which related the distribution of marine invertebrates to organic 
matter, dissolved oxygen and hydrogen sulphide. Perhaps the most well documented 
studies are those concerning the gradient of organic enrichment in Saltkalleford, a fjord on 
the west coast of Sweden (Leppakoski 1975, Rosenberg 1972,1973,1974,1976) where 
excessive deposition leading to anoxic conditions resulted in elimination of species. 
Reduced oxygen supply is perhaps the most serious consequence of organic pollution on 
aquatic life (Pearson and Rosenberg 1978). Decrease in macrofaunal biomass is 
significantly correlated with decreasing oxygen concentration (Rosenberg 1977). Jorgensen 
(1980) studied the response of benthic communities to periodic anoxic conditions. Benthic 
animals initially react to lack of oxygen by creeping out onto the mud surface. As 
physicochemical conditions deteriorate muddy bottom fauna are forced to surface by the 
rising oxygen deficient layer (Ankar and Jansson 1973, Rosenberg 1977 ). Anoxia 
sti..111ulates anaerobic metabolism in the sediment and hydrogen sulphide accumuiates. 
Normally hydrogen sulphide does not penetrate up into the bottom water because the ferric 
iron pool functions as a buffer binding the transient excess of sulphide (Billen 1982). 
Prolonged anoxia and associated toxicity of hydrogen sulphide can lead to mass mortality of 





Where the measured abiotic conditions in the sediment are most stressful in Zones A 
and B the most abundant species, the tube dwelling annelids Capitella spp. and Dorvillea 
incerta, might be expected to have a greater tolerance to these conditions. However, Gray 
(1979) states that Capitella spp. which dominated under the highest pollution load in the 
studies he reviewed, is not unusually tolerant of pollutants. However, Capitella spp. 
builds tubes which maintain contact with the surface and enable the worm to feed in black 
anoxic muds by irrigation in the burrow. Reish (1971) found that species including 
Dorvillea articulata and Ophiodromus pacificus, and others studied by Henriksson (1969) 
were more tolerant oflow oxygen than Capitella spp. Ophiodromusflexuosus, a mobile 
species crawling or swimming at the sediment surface and probably utilising the food 
resource at the border of the oxygen discontinuity layer, is described by Rosenberg (1977) 
as more resistant than Capitella spp. A member of the same genera, Ophiodromus 
augustifrons , was important numerically in Zones B and C at Site 3. In contrast 
Terebellides stroemi spp was found only in Zone C, and the control has ver; low resistance 
to oxygen deficiency (Henriksson 1969). 
The reason for the dominance of certain species in the zones nearest the cages can be 
sought by considering that the effect of a stress gradient on communities structure is a result 
of biological accommodation. Individuals respond within the limits of its physical and 
behavioural abilities then is repiaced by another more flexible or better adapted species. In 
1960 MacArthur talked about animals with the best adaptive strategy after disturbance 
provides an unexploited niche. The concept was discussed in the context of marine benthic 
species by Grassle and Grassle 1974. These opportunists use rapid reproductive rate, fast 








They take advantage of enhanced food supply consisting of microbes associated with detritus 
(Hargrave 1976), the narrow oxidised surface layer and reduced biological interactions 
which allow the development of large populations with little competition. The Capitella 
species complex (Grassle and Grassle 1977) is recognised as a cosmopolitan example of an 
opportunist. 
Pearson and Rosenberg (1978) distinguished between general opportunists and 
enrichment opportunists. The former were species associated with the first stages of 
succession after a reduction in normal fauna Enrichment opportunists are noted as initial 
colonisers specifically for organically enriched areas. Capitella spp. is perhaps the best 
example and Pearson and Rosenberg (1978) also include the Dorvelleid group. 
Recent work by Grassle and Grassle (1976, 1977) has shown that in at least one area 
Capitella spp., the most ubiquitous species occurring in organically enriched areas, in not a 
monotypic species but rather a group of morphologically indistinguishable but genetically 
distinct sibling species. Capitella spp. individuals can produce both planktonic larvae and 
benthic lanrae, which has advantages for dispersion and fast colonisation respectively (Gray 
1979). Thus Capitella spp. has the 'ideal' flexible life history strategy to adapt to high 
disturbance . 
As well as considering species that reach high densities under adverse environmental 
conditions, the faunal assemblage in the proximity of the cages at Site 3 can be examined for 
the absence of species, sensitive to physicochemical conditions, that occur at the control. A 
single species is unlikely to occur with sufficient frequency that its absence is indicative of 
detrimental environmental conditions, but a group of species can establish this by their 
simultaneous absence (Rygg 1985). 
Benthic soft bottom studies concerned with pollution in the literature often give separate 






The table below lists these two types of species which are represented in the study area in 
Big Glory Bay. 
Table 3.17. 
Species Polluted Normal 
Conditions Conditions 
Polychaetes 










t authors cited 
1 Pearson (1975) 
2 Mirza and Gray (1981) 
3 Swartz et al (1986) 
4 Rygg (1985) 
5 Pearson and Rosenberg 
6 Stull et al (1986) 
7 Rosenberg (1972) 





















In a review considering the distribution of species along pollution gradients Rygg (1985) 
found different species of the same genus showed as a rule similar relationship between 
occurrence and diversity, with one exception Glycera rouxii (non-tolerant) and the very 







It is obvious despite the fact that most of the studies cited were from the northern 
hemisphere, that the sediment next to the cages contains either species or members of genera 
associated with polluted locations. Conversely the control area for Site 3 has many animals 
typically associated with non-polluted conditions that are not found 250 m away in the 
proximity of the cages. These animals have a different lifecycle strategy. Late successional 
species, (Odum 1974), are slower to colonise, devote more resources towards maintenance 
than growth, and are superior competitors for space. 
Following Sanders (1958, 1960) the observed distribution patterns of infauna! soft 
bottom assemblages have been attributed in large part to the relationship between sediment 
grain sizes, bottom stability and particular trophic or feeding types. These results have been 
generally confirmed by many subsequent workers (Bloom et al 1972, Boesch 1973, Rhoads 
1974). 
Overall the high proportion of muddy sediments in Big Glory Bay was probably largely 
responsible for the numerical dominance of deposit feeding polychaetes. Surface deposit 
feeders are characteristically positively correlated with sedimentary organic content. (Pearson 
1971a, Levinton 1979). In the zone next to the cages in Big Glory Bay a high proportion of 
all individuals were non-selective surface deposit feeders with little possible interaction. 
Their prevalence was also related to unfavourable sediment conditions reducing possibly 
competitive species, and the abundant food resources associated with organic matter on the 
surface. Although Zone B had a slightly greater representation from the selective deposit 






The further amelioration of conditions combined with enhanced food supply and increased 
environmental heterogeneity due to macrophytes and biogenic structures associated with 
some of the species present resulted in more even representation from all trophic groups in 
Zone C, 25 to 30 m from the edge of the cages. 
The abundant food supply for macrofaunal detritus eaters in organically enriched zones 
is provided by the microbial community using the organic matter as a substrate (Reisch 
1959, Levinton 1982). Deposit feeders have been shown by some researchers to be efficient 
in assimilating microbial organisms but inefficient in digestion and assimilation of detritus 
(Fenchel 1970, Levinton et al 1984). Faecal material is then recolonised by microorganisms 
with rapid bacterial recovery in several days or less (Hargrave 1976, Levinton and Lopez 
1978). In contrast other research has emphasised the abundance of particulate organic matter 
in the sediment may invalidate the microbial nutrition hypothesis. The abundance of 
particulate detritus in some environments is such that a low assimilation efficiency on detritus 
might yield the same rate of nutritional retnrn for a deposit feeder as a high efficiency on 
microbes (Hargrave 1976). 
At the control position in comparison to Zone C the abundance of the small micrograzer 
and microdetritus feeding gastropod E. smithi was greatly reduced, probably because of the 
lack of the organic matter contributed by the farming operation. Complex trophic structure 
existed at the controi with much interaction likely. Ciliary suspension feeders were only 
present in the control zone where an increase in carnivores and tentaculate feeders was also 
noted. Numerous studies would suggest that large numerical increases of particle feeders in 
a particular area, together with an actual or proportional decline in suspension feeders and 





Rhoads and Young ( 1970) and Young and Rhoads ( 1971) studied the detailed spatial 
structure of deposit feeding communities and developed the concept of 'trophic group 
amenalism' which is a term summarising the environmental incompatibility of deposit 
feeders and suspension feeders due to the former creating and maintaining unstable surf ace 
structure in fine sediment excluding settlement and development of populations of 
suspension feeders. The low representation of suspension feeders naturally at the study site 
was further reduced by increased input of organic material to the sediments favouring deposit 
feeders and the suspension feeders relative inability to withstand lower oxygen tensions and 
the presence of hydrogen sulphide (Pearson and Rosenberg 1978). 
Epifauna 
The distribution of epifaunal animals was also clearly influenced by the unfavourable 
abiotic conditions in the proximity of the cages. Apart from the reduced representation of all 
species, on several occasions dead or obviously stressed specimens of Allostichaster 
insignis, Patiriella regularis and Stichopus mollis were observed in Zones A and B. The 
mobility of much soft bottom epifauna means migration away or toward pollution may take 
place rapidly depending on tolerance. 
The greatest densities of P. regularis were found associated with areas of bare 
sediment where the foliaceous ~lgae had been killed. This deposit feeding asteroid could 
obviously tolerate sediment conditions to feed on the abundant organic matter available. 
Echinocardium cordatum, a species that is sensitive to periods of deoxygenation 
(Rainer 1982) was absent in Zones A and B where high sediment oxygen demand values 




CHAPTER 4 TEMPORAL IMPACT OF THE CAGE FARMING 
SITES. 
4.1 INTRODUCTION 
Several studies, principally of a qualitative nature, have discussed the spatial impact of 
sea cage salmon rearing on the benthic environment. The recovery process of these highly 
enriched areas has not been reported in the literature and some temporal scale would be 
useful for management. The considerable accumulation of organic matter will not be 
appreciably affected by physical processes such as swell action or currents because of the 
shelter and lack of water movement. 
This chapter described the results of sampling two further sites, in the head of Big 
Glory Bay, which had been abandoned because of fish mortality and sublethal effects 
inhibiting production. The cages had been removed fourteen (Site 2), and twentyeight (Site 
1) months previously (Fig. 1.2). The objective was to determine to what extent the benthos 
had reverted to a more natural situation by assessing the spatial impact of the sites and by 
comparison with the site occupied most recently. 
Deposition of organic matter had created a layer several centimetres thick which was 
still obvious at both sites. This accumulation was overlain by a mat of white sulphur bacteria 
Beggiatoa, and was seen to emit gas bubbles (plate 1). The anaerobic sediment and gross 
disturbance to macrobenthic communities were localised in an area extending about 5 - 10 m 




The previous chapter determined 'bioaccumulation' effects at 25 - 30 min an occupied site 
which were not as obvious on the recovering sites. 
4.2 RESULTS 
4.2.1 GRAINSIZE ANALYSIS 
The grainsize composition of the study sites was discussed in section 3.2.1 (Fig. 3.lA, 
Table 3.1 ). In summary, Sites 2, 3 and the control group did not differ significantly over the 
size classes, but Site 1 was distinct in having more fine and medium sand grade sediments. 
4.2.2 WATER COLUMN CHEMISTRY 
An uneven distribution of N and P was demonstrated in analysis of the water column. 
VI ater samples taken immediately above the bottom at Sites 1 and 2 varied from those taken 
at the control positions. Differences in concentration with depth were also present in all 
nutrients measured (Tables 3.6 and 3.9). 
In 1985, seven months after Site 2 had been abandoned, nitrate and phosphate 
concentrations in the bottom water were significantly higher than the control position 
(p<0.01, Table 3.7). The following year these two nutrients were both measured in greater 
concentrations than were present at the control position (Table 3.6). By this time Sites 1 and 







In 1985 nitrite-N and ammonium-N in the bottom water were also present in elevated 
concentrations at Sites 1 and 2 in comparison with the control positions, where the levels 
were negligible. 
Hydrogen sulphide was not present in detectable concentrations in the bottom water at 
the control positions in 1985, but at Sites 1 and 2, high concentrations were present (Table 
3.9). 
Dissolved oxygen (DO) concentrations in the bottom water were considerably below 
those measured in the control positions due to oxygen demand of the degradation processes. 
Resulting DO levels at Site 1 in 1985, with respect to saturation levels for sea water, were 
fully saturated at the surface and a deficit of 0.3 - 0.4 mg 1-1 at 5 m and 4.1 - >6.2 mg 1-1 on 
the bottom (Fig. 3.3). 
4.2.3 SEDIMENT PHYSICOCHEMICAL PARAMETERS 
Analyses of the percentage of TOM matter TN and TP in the surface sediment at Sites 1 
and 2, 1986 (Fig. 4.lA and B) demonstrated highly significant differences (p <0.001) 
between the zones under the cages (MID), along the transect (A, Band C) and the control 
positions (Table 4.1). Subsequent multiple comparisons between combined zones indicated 
significant (p <0.05) difference between the mid zones and t.he transect v~ lues for all these 
parameters. Only at Site 2, for TOM, was the control significantly different from the 






Table 4.1 The significance of variation in Sites 1 and 2, 1986 (with 
subsequent multiple comparisons of variation between the 
previous position of cages (mid), zones and the control) in 
physicochemical parameters measured in the surface 
sediments. The values are expressed as a median for the 





SNK FOR ZONES 
MID A B C CNTL 
------------------------------------
TOTAL SITE 2 28.46 29.6 19.6 17.5 18.3 14.2 
ORGANIC p<0.001 
MATIER SITE 1 23.55 24.7 11.9 3.7 5.6 
p<0.001 I I 
TOTAL SITE 2 21.15 0.69 0.39 0.35 0.29 0.33 
NITROGEN p<0.001 
SITE 1 20.16 0.58 Q.24 0.11 0.14 
p<0.001 
TOTAL SITE 2 32.31 3.6 1 .8 0.34 0.15 0.16 
PHOSPHOROUS p<0.001 
SiTE 1 27.55 3. i . 0.42 O.i6 0.08 
p<0.001 
------------------------------------
* Kruskal-Wallis statistic (H) adjusted for ties. 
SNK = Non-parametric Student newman-Keulls test 
with significance defined at 0.05. 
2 3 4 or 2 3 4 = values underlined are not significantly different , __ 
MiD = area directly beneath the past position of the cages. 
// 
FIGURE 4.1 Comparisons between sediment physicochemical 
parameters at Sites 1, 2 and 3, 1986. 
A. Total organic matter. (combined transects). 




Site 2 1986. 
Site 1 1986. 
B. Total nitrogen and phosphorus. (combined transects). 







Total nitrogen. Site 2 1986. 
Total nitrogen. Site 1 1986. 
Total phosphorus. Site 2 1986 . 
Total phosphorus. Site 1 1986. 
C. Benthic oxygen consumption. (combined transects). 





Site 2 1986. 
Site 1 1986. 
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A comparison of the salmon food, surface sediments beneath the cages, or at the 
previous location of the cages, produced highly significant differences (p <0.001) in TOM 
and N (Table 4.2). In a subsequent multiple comparison Site 1 had significantly lower levels 
of these two parameters than the other sites. The proportion of phosphorus in the sediments 
did not vary between the sites or in comparison with salmon food despite twentyeight 
months having elapsed since Site 1 was occupied (Table 4.2). 
Table 4.2. The significance of variation in physicochemical 
parameters measured in the surface sediments in 
positions directly under cages or the previous location 
of the cages at Sites 3, 2 ("1985 and "1986), Site "1 
("1986) and salmon food (with subsequent multiple 
comparisons of variation). The values are expressed as 
a median for the sampling zone (units = o/o freeze dried 
weight). 
---------------------------
MEASURED OVERALL SNK FOR CAGE POSITIONS 
PARAMETER (H)* S.F.a 3/85t 3/86 2/85 2/86 1 /86 
TOTAL 41.7 85.0i 34.;3 ~5.6 29.6 ___ 29.0 27.6 
ORGANIC P<0.00"1 
MATIER 





* Kruskal-Wallis statistic (H) adjusted for ties. 
SNK = Non-parametric Student newman-Keulls test 
with significance defined at 0.05. 
2 3 4 = values underlined are not significantly different 









The results of mixed effects (Model III) analyses of variance for benthic oxygen 
consumptions at Sites 2 and 1 in 1986 demonstrated no significant differences between the 
transects within either site (Table 4.3A, 4.4A). In both cases the interaction factor was not 
significant, showing the lack of variation in corresponding A, B and control zones on the 
transects. After including the mid zones, single factor analyses of variance for the three 
transects at each of Sites 2 and 1 and the transect at Site 3 concluded highly significant 
variation (p <0.001) in BOC along the transects and at controls (Table 4.3B, 4.4B, 4.5). 
No significant variation from the controls to within 5 m of the cages at Sites 2 and 1, 
1986 was evident from a multiple comparison (Table 4.6). However the BOC in the mid 
and A zones was significantly greater (p <0.05) than that measured at further distances for all 
three sites in 1986. There is also no significant difference between the mid zones in all the 
Sites sampled in both years (Table 4.7) 
The biochemical oxygen demand (BOD) at the sediment beneath the past position of the 













Results of a Model Ill Analysis of Variance to determine variation among 
transects and zones, and the interaction factor for benthic oxygen 
consumption of sediments from Site 2 1986. 
SUMOF 
SQUARES 




MEAN 14723.4 1 14723.4 
TRANSECT 19.7 1 19.7 1.03 I'£ 
ZGJE 1198.1 3 399.4 27.7 <0.001 
TZ 43.2 3 14.4 0.75 I'£ 
ERROR 1381.9 72 19.2 
Table 4.38. Results of a single factor Analysis of Variance to determine variation 
between the mid and combined A, B, C and control zones of the three 
transects on site 2, 1986 for benthic oxygen consumption. 
---------------------------------
SOURCEOF SUMOF D. F. MEAN F p 
VARIATION SQUARES SOLAAE 
MEAN 22818.6 1 22818.6 
ZGJE 3934.7 4 938.7 48.88 <0.001 
















Results of a Model Ill Analysis of Variance to determine variation 
among transects and zones, and the interaction factor for benthic 
oxygen consumption of sediments from Site 1 1986. 









20742.9 1 2074.9 
49.1 2 24.5 0.90 f\S 
11 08 .8 3 369.6 18.6 <0.001 
11 9 .1 6 19 .9 0.75 f\S 
2819 .5 103 27.4 
Results of a single factor Analysis of Variance to determine variation 
between the mid and combined A, B, C and control zones of the three 













SUMOF D. F. MEAN F p 
SQUARES SQUARE 
25131.8 1 25131.8 
2937.3 4 734.3 27 .15 <0.001 
3165.0 11 7 27.1 
Results of a single factor Analysis of Variance to determine variation 
between the mid and A, B, C zones of the three transects on site 3, 





























Multiple comparisons to determine between which of the combined 
zones significant differences exist in benthic oxygen consumption for 
three sites in 1986. 
MID ZONEA 
SNK. 
ZONEB ZONEC CONTROLS 
-------------------------------------------------------------
SITE2 23.9t 14.1 8.6 7.6 7.6 
SITE 1 21 .1 12.9 9.4 7.5 7.9 
SITE3 29.2 19. 7 13,3 a.7 
SNK = Student Newman-Keulls test with significance defined at 0.05 







Results of a single factor Analysis of Variance to determine variation 
between the mid zones of Site 3 (1985 and 1986),Site 2 (1985 and 






D. F. MEAN 
SQUARE 
1 53335.0 










4.2.4 MACROBENTHIC COMMUNITY 
The mean abundances per 0.1 m2 for all species sampled on the transects of Site 2 and 
Site 1 and their controls are provided in Figures 4.2A and 4.3A. A nearly linear gradient is 
apparent for Site 2 with the highest number of individuals at the control, while at Site 1 the 
greatest densities occurred in Zone C. 
The relative occurrence of major taxanomic groups is compared within and between 
zones for Sites 2 and 1 in Tables 4.8 and 4.9. At Site 2, Zones A and B were totally 
dominated by polychaetes and crustaceans which constituted 100% and _93% in those zones 
respectively. In Zone C the molluscs assumed greater importance (32.4%) than crustaceans 
(6.3%), although this situation was reversed at the control site. Over all of Site 1, including 
the control, polychaetes and crustaceans were the most important taxanomic groups with 
other groups present in only minor amounts. 
A nine-fold increase in total number of species occurred between Zone A and the 
control at Site 2, to reach a total of sixtyfive species (Fig. 4.4.A). No macrofauna lived in 
the sediment beneath the cage site and the macrofauna of Zone A consisted almost 
exclusively of two species of polychaete and an amphipod. The sediment adjacent to the 
cage position of Site 1 appeared less affected with seven species represented by more than 
three individuals and a total of seventeen taxa. This total was still substantially below half of 
the fortythree species found at the control for Site 1. 
Figure 4.2 Abundance and biomass of species and biomass of 
macrophytes at Site 2, 1986. Points are Wilcoxon 
medians and -95% confidence intervals 
A. Numbers of individuals per 0.1 m-2. 
8. Species biomass per 0.1 m-2. 
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Figure 4.3 Abundance and biomass of species and biomass of 
macrophytes at Site 1, 1986. Points are Wilcoxon 
medians and -95% confidence intervals 
A. Numbers of individuals per 0.1 m-2. 
8. Species biomass per 0.1 m-2. 
C. Macrophyte biomass per 0.1 m-2. 
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Table 4.8. The proportions of major taxonomic groups at Site 2, 1986 
---------------------------------------
Taxonomic Group Zone A Zone B ZoneC Control 
---------------------------------
o/o No. of Polychaetes 52t 31.5 52.1 32.2 
Species of Polychaetes 5 8 1 6 31 
% No. of Crustaceans 48 61.9 6.3 45.7 
Species of Crustaceans 2 7 8 1 4 
% No. of Molluscs 0 5.1 32.4 19.0 
Species of Molluscs 0 2 1 1 2 
·, 
1' 
% No. of Echinoderms 0 1.5 4.8 2.4 
Species of Echinoderms 0 2 4 6 
t Rounded off to the nearest digit 
Table 4.9. The proportions of major taxonomic groups at Site 1, 1986 
-------------------------------------
Taxonomic Group Zone A Zone B ZoneC Control 
.t -------------------------------------
% No. of Polychaetes 38t 42.4 63.0 65.4 
r_,...! 
Species of Polychaetes 7 7 1 9 21 
0/o No. of Crustaceans 59 55.1 31.7 29.4 
Species of Crustaceans 7 6 1 1 1 2 
t>. 
% No. of Molluscs 0 1.8 3.0 1.4 
Species of Molluscs 0 2 1 1 2 
... 
% No. of Echinoderms 2 0 0.9 1.7 
,c• 
Species of Echinoderms 2 0 3 3 









Cumulative species plots again show that a large proportion of species present were 
taken, with further sampling likely to produce few more (Fig. 2.1). 
The large variation in infauna! biomass along the transects of both study sites is 
displayed in Figures 4.2B and 4.3B. The pattern of variation is distinct with Site 2 
increasing dramatically to the controls while biomass reached a peak 30 m from the cage 
position at Site 1. Macrophytes did not appear to survive within 10 m of both recovering 
sites, but higher biomasses occurred with increasing distance. 
The richness, diversity and dominance diagrams (Fig 4.4A and 4.4B) graphically 
display the variation in diversity and the components of dominance and richness which 
modify it. Diversity, as calculated in the Shannon-Wiener index, increases to a maximum at 
control positions for both sites. A drop in diversity between 5 and 10 m from Site 1 is 
caused by a steady high dominance paired with a slight drop in species count. Both sites 
show a very clear relationship between uneven distribution of individuals among species and 
lowered species richness. 
Figure 4.4 A. Richness, dominance and diversity curves for Site 2 
1986. 
B. Richness, dominance and diversity curves for Site 1 
1986 
0 Dominance; % of total of the most numerous 
species. 
~ Richness; species per unit area. 
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K-dominance curves constructed for both sites are of interest because comparison of 
the curves produced allows significance of variation between zones to be assessed (Figure 
4.5) Curves for the zones closer to the cages are shorter and steeper with higher Y-axis 
intercepts. At Site 2, Zones B and C are not distinguishable because the curves cross. The 
control at Site 2 is very distinct from zones on the transect. The community at the control 
has a low numerical dominance and the long shallow curve demonstrates a large number of 
species represented by only a few individuals. Although none of the curves for Site 1 
intercept, it is notable that the plotted distribution of the zone 30 m from the cage site is 
parallel and close to that of the control. 
The relative distribution of the ten most abundant species in the zones and control for 
each site are provided in Tables 4.10 and 4.11. After fourteen months of recovery, restricted 
faunal assemblages were noted in Zones A and B of Site 2. The spionid polychaetes 
Minuspio sp. and Prionospio pinnata and the amphipod Proharpinia hurleyi together 
constituted 92% and 69% of total abundance in Zones A and B respectively. When another 
three animals, the gastropod Eatoniella smithi, the crab Hemiplax hiritipes and another 
spionid were considered for Zone B, 89% of the total abundance was accounted for. The 
first three species mentioned were also numerically important in the sediment of the first 10 
m of the transect at Site 1. With the addition of a small syllid Exogone heterosetosa and 
another spionid Aonides trifidus, 79% of the individuals present were represented. In 
contrast, the large proportion of tax.a represented by only a few individuals was pronounced 
at the control positions of Sites 2 and 1. 
Figure 4.5 A. K-dominance curves for Site 2, 1986. 
8. K-dominance curves for Site 1, 1986. 
@] Zone A 
[!] Zone 8. ' 
~ Zone C. 
[!] Control. 
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Table 4. i 0. The most abundant species present in each zone at Site 
2 i 986. 
SPECIES Zone A Zone B Zone C Control 
Proharpinia hurleyi (C) 3 4 
Eatoniella smithi (M) 
Schistomeringos incerta (P) 
Lembos sp. (C) 
Minuspio sp. (P) 2 3 
Ophiodromus augustifrons (P) 
Parawaldeckia sp. (C) 
Prionospio pinnata (P) i 2 
Mallacoota subcarinata (C) 
Capitella spp. ( P) 
Exogone heterosetosa (P) 2 
Amphipholus squamata (E) 
Boccardia syrtis ( P) 
Hemiplax hiritipes ( C) 2 
Armandia maculata ( P) 
Nebaliella sp. (C) 
Ostracod sp. (C) 
Notomastus sp. 1. (P) 
Terenochiton inquinatus (M) 
Saccoglossus sp. (0) 
unknown spionid "1 
Corophium acutum (C) 
Upogebia sp. (C) 





















































P = Polychaeta; E = Echinoderm; C = Crustacea; M = Mollusca; 0 = other 
t Mean abundance (no. of individuals) values per 0. i m-2 for the ten 
most abundant species in each zone 
+ indicates occurrence, but at a value less than those for the ten most 
abundant species in that zone. 










Table 4.11. The most abundant species present in each zone at Site 
1 1986. 
SPECIES Zone A Zone B Zone C Control 
Proharpinia hurleyi (C) 4 7 
Minuspio sp. (P) 6 
Prionospio pinnata (P) 1 5 
Exogone heterosetosa (P) 6 
Boccardia syrtis ( P) 
Ophiodromus augustifrons (P) 
Hemiplax hiritipes ( C) 2 
Lembos sp. (C) 3 
Pectin aria australis ( P) 
Caroblatea sp. (C) 4 
Diplodontus glob us ( M) 
Schistomeringos incerta (P) + 
Platynerieis austral is ( P) 
Aonides trifidus ( P) 5 
Capitella spp. ( P) 1 
unknown spionid 4 









































t Mean abundance (no. of individuals) values per 0.1 m-2 for the ten 
most abundant species in each zone 
+ indicates occurrence, but at a value less than those for the ten most 
abundant species in that zone. 







The distribution of some species appeared to be influenced by the gradient of 
physicochemical conditions along the transect. However, unlike Site 3 where the numerical 
dominants were polychaetes essentially limited to the sediment influenced by the farming 
operations, the most abundant animals in proximity to the previous cage positions at Sites 2 
and 1 were also important components of the community of nearby; unaffected sediment. 
Several moderately abundant species were found only in samples taken more than 25 m 
away from the cage position. These animals included the amphipods Parawaldeckia spp. 
and Malacoota subcarinata, the ophiuroid Amphipholus squamata, the spionid Boccardia 
syrtis, the leptostracon Nebaliella sp., an ostracod and the chiton Terenochiton inquinatus. 
At Site 1, including some of the species in common with Site 2, the polychaete Platynereis 
australis also appeared to be sensitive to the sediment conditions associated with the 
degrading sea cage site. The species sampled were assigned to feeding groups considering 
the difficulties in precise delineation discussed in section 3.2.5. At Site 2, the sediment 
within 10 m of the cage position (Zones A and B) contained only two trophic groups of any 
importance, the carnivorous group represented by P. hurleyi and the selective deposit 
feeders, consisting of two tentaculate spionids, Minuspio sp.and P. pinnata. Three other 
feeding groups were present only in minor proportions. Zones A and B of Site 1 showed a 
very similar dominance except that two other spionids, A. trifidus and an unknown species, 
were included in the selective deposit feeding group. In Zone C at Site 2 much additional 









The spionids and the amphipod P. hurleyi were largely superceded by the grazer E. smithi, 
the non selective deposit feeders S. incerta and Capitella spp. and the omnivorous 0. 
augustijrons, all species that were dominant in the enriched sediment of Site 3 while it was 
occupied. In contrast to Site 3 however, the zone also contained a relatively diverse 
assemblage of other species including species likely to be intolerant of anoxic or highly 
enriched conditions. In addition the sediment physicochemistry was not significantly 
different from the control position except for a modest increase in total organic matter. For 
Site 1 the species dominant in Zones A and B occurred in roughly comparable abundances in 
Zone C and the control, but these zones also contained over thirty five other species with 
representatives of filtering and deposit feeding amphipods, omnivorous, scavenging and 
predatory polychaetes and ciliary/suspension feeding molluscs . 
Figure 4.6 A. Percentage in defined feeding groups for Site 2, 
1986. 
8. Percentage in defined feeding groups for Site 1, 
1986 










1. Generalised carnivores and herbivores (including omnivores, 
scavengers and some possibly highly selective detritus feeders). 
2. Primarily carnivorous 
3. Selective deposit feeders ( including filtering, tentaculate and 
ciliary suspension feeding). 
4. Non-selective deposit feeders. 


























































The sediment at Site 1 possessed proportionally more fine and medium sand grade 
sediment as well as a more prominent biological fraction than at the other sites. The coarser 
sediments found at Site 1 (Fig 1:2A) could have occurred as a consequence of different 
depositional and transport mechanisms operating nearer the edge of the bay. Sediment is 
typically coarser near the margins of shallow water bodies than in the centre (Davis 1978). 
The position of Site 1 was nearer the edge of the bay where wave energy may have been 
slightly higher, leading to winnowing of fine particles. These would be transported to a 
calmer environment and settle out of suspension. Preferential deposition of the coarser 
particles from the wash and bed loads of the stream outlet could have lead to a higher 
proportion of coarse particles at Site 1 nearest the stream outlet. 
The different compositional features at Site 1 could have relevance for two reasons. 
Firstly grainsize composition has well described influences on the macrobenthic assemblages 
(Rhoads 1974, Levinton 1982). Secondly, the more open character of the sediments allows 
for greater inward diffusion of oxygen and release of degradation metabolites, enhancing 
breakdown of any organic accumulation (Volkmann and Oppenheimer 1962, Billen 1982). 
Also associated with the occurrence of sandier sediment is the possiblity of a higher 'energy' 








4.3.2 WATER COLUMN NUTRIENTS 
Surface water concentrations of nutrients measured were similar to the controls for both 
years. The presence of elevated concentrations of nutrients in the bottom water at Site 1 and 
2, fourteen and twentyeight months after the farming operations last contributed any 
material, suggest that active remineralisation is still occurring (Zeitzschel 1980, Krom and 
Berner 1980, Herbert 1982). This is not unexpected, considering the measurements of solid 
waste loading from this study of 163 - 205 g m-2 day-1 (freeze dried weight) over more than 
a year of occupation. High benthic oxygen consumptions were measured at those locations 
which are also positively correlated with mineralisation rate and release of nutrients (V aliela 
1984, Zeitzschel 1980, Nixon 1981). Mechanisms discussed in section 3.3.3 normally 
reduce the concentration of phosphate in the water column to low levels. The considerable 
amount of phosphate measured was a function of the oxygen depletion in the water column 
and consumption by the sediments. Relatively high concentrations of ammonium in the 
bottom water also suggest the occurrence of processes associated with organic rich anaerobic 
sediments (Herbert 1982, Jorgensen 1982, Yamada et al 1986). Many of the 
physicochemical processes involved in degradation of an organic matter accumulation and 











4.3.4 DEGRADATION OF THE ACCUMULATED ORGANIC MATIER. 
The physical appearance of the sediment over which the cages had been positioned at 
Sites 2 and 1 were still very obvious fourteen and twentyeight months later. The surface of 
the sediment was covered in patches of Beggiatoa which, by their shape, obviously 
corresponded to the previous location of the cage above. Beneath the bacterial mat and the 
very thin layer of brown oxic sediment which occurred around these patches, a dark 
coloured, flocculent accumulation extended down _15 cm. The sediment surrounding the 
location of the sites was normal in appearance and texture except for lack of macrophyte 
growth. 
Considerable accumulation of TOM and TN was still evident at sites 2 and 1 in 1986 
with mid positions having at least twice the content of the sediments at the controls. The 
control position for Site 1 was not included in the statistical analysis because the medians for 
TOM and TN were higher than those for the combined C zones. This was probably due to a 
grainsize composition which at the control position included approximately 10% less sand 
grade and 10% more mud grade sediments (Appendix 3). The lower values on the transects 
are predictable because of the correlation relating sandier sediments with lower organic 
contents (Pamatmat 1971b). A very pronounced gradient occurred at both sites 2 and 1 in 
TP with more than twenty times more phosphorus found in the mid zone in comparison to 
the controls. In fact, the sediment from the mid zones contains a slightly higher TP than in 











The mineral elements in detritus affect decay rates of organic matter because bacteria and 
fungi take up mineral elements, especially nitrogen but also phosphorus. Increased nutrient 
content increases microbial activity (Valiela 1984). 
However these gradients in TOM, TN, and TP are very similar to those which occurred 
at Site 3 while it was still occupied (Table 3.10), suggesting the degradation process has not 
substantially affected the accumulation of any of the measured sediment parameters (TOM, 
TN, TP) over the time scale of recovery. Mattson and Linden (1983), in a study following 
the recovery of a mussel culture site, reported no decrease in TOM content of the enriched 
sediment after eighteen months. 
Since the sites were occupied for similar lengths of time fully stocked (although Site 1 
was occupied for a longer period, a considerable proportion of this time was while the 
operation was in an experimental stage with a small stock capacity), a comparison of their 
sediment physicochemistry from the positions directly beneath the cages may provide an idea 
of temporal scale in the recovery process. For TOM it would appear Site 2 (1985 and 1986) 
was significantly less polluted than Site 3 (1985 and 1986) and Site 1 significantly less than 
Site 2. Although the sites are statistically different, when compared to the naturally 
occurring physicochemistry in Big Glory Bay, all the values show substantial enrichment, 
including Site 1 after twentyeight months after cage removal. A very similar situation existed 
for the TN in the sediment except there was no difference between Sites 2 and 3 in either of 
the sampling years. A very high proportion of the TP contributed by the salmon food and 
fish excretory products was accumulated in the sediment (section 3.3.2). The TP content in 
the sediment was statistically similar over all of the sites and in fact no different from the TP 



















Several mechanisms by which organic matter is decomposed in the benthic environment 
were discussed in detail in section 3.3.4. Carbon compounds are degraded by sulphate 
reduction by microbial reactions occurring at the interface between oxidised and reduced 
environments (Valiela 1984). This is indicated by the presence of sulphur bacteria as dense 
cell masses. On Site 1 and 2, Beggiatoa, a bacterium of this type, was still visible in large 
areas of the sediment surf ace. Biological oxidation by these organisms and chemical 
oxidation at the sediment-water interface, normally prevent the occurrence ofR:iS in the 
water column. The substantial concentrations of R:iS measured in the bottom water at both 
recovering sites suggest the rate of production by sulphate reduction is still high. 
Methanogenic reactions discussed in section 3.3.4 occur only in anaerobic muds rich in 
organic matter where sulphate reduction produces favourable conditions (Billen 1982, 
Ahmed and King 1984). Methanogenesis, characterised by release of gas bubbles from the 
sediment, occurred at both recovery sites. 
Despite all these processes degrading the accumulation, little recovery in sediment 
physicochemical parameters was evident in the cage positions, although sediments greater 
than 5 m from the sites had recovered to an extent where they were not significantly different 
to the controls except for the TP content. 
Even with a high mineralisation rate Dahlback and Gunnarsson (1981) found that less 
than 25% of the material deposited beneath a mussel culture could be mineralised through 
sulphate reduction, the dominant process by which organic carbon is oxidised in coastal 
marine sediments (Malcolm et al 1986, Jorgensen 1977). The sedimentation rate under the 
mussel cultures (3 gm C m-2 day-1) was considerably lower than that estimated for this study 
(32-60 gm C m-2 day-1) suggesting an accumulation rate far in excess of the above estimate. 
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4.3.5 OXYGEN DEMAND OF THE SEDIMENTS AND DISSOLVED OXYGEN IN 
THE WATER COLUMN . 
A gradient of dissolved oxygen concentrations (DO) in the water column was measured 
at Site 1 in 1986. Low concentrations due to anoxic degradation occurred above the 
sediment and complete lack of DO at the sediment-water interface was indicated by the 
presence of Beggiatoa (Jorgensen 1977). 
Biochemical oxygen demand, quantifying oxygen uptake by organisms and chemical 
oxidative processes, was approximately three times greater at the cage position than the 
control at Site 2 in 1986 after fourteen months of recovery. Site 2 did appear to show 
recovery relative to Site 3 in 1985, with demand measured at only a third of that measured at 
the latter site. 
Measurement of the oxygen uptake by the sediment surface at the recovery sites 
demonstrated significant gradients with consumptions very high at the previous cage 
positions .. The results of the two factor ANOV A for Sites 2 and 1 demonstrated a consistent 
gradient of variation along all the transects with high values in the mid positions and no 
significant differences between corresponding zones as the BOC decreased with distance 
from the cage positions. Mean consumption values suggest at least three times greater 
oxygen demand beneath the previous position of t.he cages in compa..rison to the controls at 
all three sites in 1986. The severe effects were localised and limited to an area about 5 m 
from the edge of the sites. This extent of significantly greater sediment oxygen demand was 
lower than that measured around the occupied Site 3 in 1986. 
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A comparison of combined site values provided evidence that Site 1 had lower overall 
oxygen demand than the two more recently occupied sites. However this mean site value 
was still substantially higher than the oxygen demand of unaffected sediment in the head of 
Big Glory Bay. 
The mean of total oxygen consumption under the cages at Site 3 estimated over a year is 
259.2102 m2 yrl or 370.3 g m-2 yrl. If a respiratory quotient of 0.7 (Dale 1987) is used 
this corresponds to 97.2 g C m-2 yr1. The input of C to the benthos measured by sediment 
trapping under the cages is ca. 2.3 kg C m-2 yrl(section 3.3.2). So a very small 4.2% of 
input was respired by the benthos as CO2. This percentage is much lower than the range of 
17 - 28% reviewed in Dale (1978) for marine sediments. This suggests a large proportion of 
the material sedimenting under the cages was accumulated and buried in the sediment rather 
than respired. 
Sediments devoid of macrobenthic life because of anoxia are'likely to be controlled 
simply by diffusive processes. The texture of sediment including grain size, shape and 
packing affects diffusion of solutes by determining sediment porosity, permeability and 
adsorbtion. Sediments with a high clay content, such as those around the study sites, 
possess a high adsorbtion capacity and poor permeability (Malcolm and Stanley 1982). In 
the presence of burrowing macrofauna various degrees of mixing occur in the sediment 
profile. Freshly deposited organic matter can be buried and metabolised anaerobically while 
long buried organic matter is brought back to the surface and oxidised aerobically (Pamatmat 
1977). Bioturbation may increase process rates such as sulphate reduction by increased 
















Herbert (1982) found that benthic infauna increase the flux of ammonium from the sediment 
by 50%. Metabolite build up is decreased, and electron acceptor supply increased by 
bioturbation, burrow irrigation and particle reworking. Macrobenthos also stimulate rates of 
microbially mediated decomposition reactions by increasing the surface area of organic 
detritus mechanically or re-exposing existing surfaces during feeding. Grazing maintains 
microbial populations in a high productivity phase of rapid growth (Aller 1982). All these 
processes results in elevated decomposition rates. These processes will not occur under the 


















4.3.6 MACROBENTHIC COMMUNITY 
The generalised pattern of macrobenthic community structure associated with gradients of 
organic enrichment (reviewed by Pearson and Rosenberg 1978) and discussed in relation to 
the spatial impact of the cage sites in the last chapter should apply equally well on a temporal 
scale. Numerous studies have demonstrated that the same successional changes in faunal 
structure occur in the initial stages of recovery as those occurring during increasing organic 
input, with the same animals.common to the process occurring all over the world 
(Leppakoski 1975). The final stage in the recovery process, where conditions have returned 
to their original state, is predictable for any region. A particularly good example of this was 
produced by a long study of the succession following pollution abatement in the 
Saltkallefjord in Sweden where after recovery, the community was similar to that reported 
forty years earlier (Rosenberg 1973, 1976) . 
0 
Although several qualitative studies have discussed the spatial effect of sea cage salmon 
rearing ( Ackefors 1983, Earll et al 1984, Brown et al 1987), no work has been published on 
the time that the substantial, but localised, accumulations of organic matter might take to 
degrade to a point where they were not distinguishable from the surrounding environment. 
The deposition of excess food below net pen culture of salmon in Puget sound created an 
undesirable habitat on t.11.e bottom and Novotny (1975) stated t.1.at recovery of ti.1.e bottom to 
its natural state had been slow. The culture of mussels produces a similar organic 
accumulation to that of a cage farm. Mattson and Linden (1983) studied the location of a 


















Quantitative sampling of the benthic infauna at two sea cage sites in Big Glory Bay 
fourteen and twentyeight months after cessation of operations showed little measurable 
recovery by any of the methods used. The sites were devoid of any macrofauna and 
consisted of anoxic mud patchily covered with the sulphur bacterium Beggiatoa. Severe 
reduction in the numbers of individuals and biomass per 0.1 m2 were noted to at least 10 m 
from the edge of the cage sites. Macrophytes did not occur in the first two sampling zones 
and growth was inhibited even 25 - 30 m away. 
A pronounced gradient of decreased diversity with proximity to the sites was evident. 
The values calculated using the Shannon-Wiener index provided evidence that diversity was 
severely reduced in Zones A and Bat both sites and Zone C showed depressed values in 
comparison to the control positions. 
This index is most responsive to changes in the proportions of taxa represented by only a 
few individuals. Both sites had a dramatic reduction in the numbers of species surviving in 
the conditions within 10 m of the cages and the samples were highly dominated by two or 
three species. By examining the community in these ways, the depauperate assemblages 
existing in the sampling Zones A and B of both Sites 1 and 2 in 1986 appeared to differ little 
from those assessed in the last chapter at an occupied site, despite the time elapsed since 
cessation of farming activities. Plotting K-dominance curves confirmed the disparity 
between t.11.e communities sampled in Zones A and B an.d those existii1g in nearby sediment 
unaffected by the caging operations. It is interesting to note that the curves for Zone C and 
the control position at Site 1 are parallel and close over the distribution suggesting that at 

















It was expected that Site 1 would show faster progress towards return to natural 
conditions than the other sites because of the coarser grainsize composition. This would 
allow greater water circulation and oxygen penetration into the interstices of the sediment 
aiding breakdown of the organic accumulation and raise the redox discontinuity potential in 
the sediment producing more favourable conditions for the existence of macrofauna (Fenchel 
and Reidl 1970, Gray 1981). 
The dominant infauna! species found in the organically enriched and oxygen depleted 
sediment of Zones A and B of both sites included spionids of the genera Minuspio and 
Prionospio. These genera have been widely reported from sediments of this type (Pearson 
and Rosenberg, Walker and Rees 1980, Swartz et al 1986). Opportunistic animals, and the 
adaptive strategies they utilise to dominate communities after disturbance provides an 
unexploited niche, were discussed in the last chapter. These two spionid genera become 
very abundant in disturbed areas by virtue of their ability to reproduce rapidly in the 
unrestricted conditions. Most indicator species mentioned in the literature are particle or 
detritus feeders, though there are several carnivorous exceptions (Pearson 1975). The 
carnivorous amphipod P. hurleyi was numerically important at both Sites 1 and 2. This 
animal was common in a study of the community around a sewage outfall in Hawke Bay, 
New Zealand (Knox and Fenwick 1978). In both these cases the amphipod may be taking 
adva.11tage of the abundant prey resources associated with the organic enrichment. 
The occurrence of the polychaetes Minuspio sp. and Prionospio pinnata in the 
enriched sediments of Sites 1 and 2 instead of the opportunistic species Capitella spp. and 















The spionids may have been more successful colonisers due to differences in the habitat 
requirements of the species. The sediment at Sites 1 and 2 had a greater proportion of fine 
and medium grain sizes and less clay and silt than Site 3. The different dominant species 
might also be attributed to the number of available larvae ready for settlement, as the spionids 
were both found in moderate numbers in the surrounding sediment unaffected by the 
operation. It has been reported that opportunistic species have a wide though not necessarily 
dense distribution in non-polluted areas, in order to be able to capitalise on newly or 
intermittently polluted regions (Eagle 1974). This is in contrast to Site 3 where the 
opportunists had distributions substantially limited to the enriched sediment closer to the 
cages. 
The reasons for the observation that many species had broad ranges at Sites 1 and 2 might 
include the presence of a narrow aerobic layer in the surface of the muddy sand enabling 
species to take advantage of large quantities of organic matter available as a food, usually 
indirectly as a substrate for microorganisms. In addition genera that construct burrows, such 
as Minuspio, are able to avoid the subsurface sediments concentrations of pore water 
metabolites, sulphides, dissolved oxygen and organic decomposition products because 
microclimates occur within these structures (Aller and Yingst 1978, Jorgensen 1980). Tubes 
and burrows tend to be lined with an aerobic layer of mucus-bound sediment surrounded by 
increasingly anaerobic material. Each tube or burrow will contain a redox stress gradient on 
the microbial scale and each is a site for active and rapid decomposition of organic material 

















For another animal, the mobile scavenging crab Hemiplax hiritipes, which was observed 
quite commonly in the sediment close to the cage sites, burrows which it constructs may 
have enabled the animal to take advantage of the food resources available. 
Adult migration from nearby sediments may also have resulted in species common at 
the control positions occurring in the disturbed sediment. Such migration is considered to be 
an important component of the recolonisation of defaunated sublittoral areas (Dauer and 
Simon 1976, Bonsdorff 1980). Adults of the polychaete genus Exogone recolonised 
disturbed areas of mudflats in a study by Levin (1984). At Sites 2 and 1 Exogone 
heterosetosa ,found commonly in nearby unaffected sediment, was numerically important in 
Zones A and B of both sites. Amphipod crustaceans are somewhat mobile and brood young 
rather than dispensing larvae in the plankton. P .hurleyi may have used this mobility to 
move into the depauperate areas closer to the cages. 
The analyses of the variety of trophic groups found at Sites 2 and 1 also demonstrated 
the existence of simple communities with very little possible interaction in the zones close to 
the cages. At 30 m from the cages much additional trophic group diversity was evident 
probably because of the available food resources, increased environmental heterogeneity 
with the presence of macrophytes, as well as amelioration of the unfavourable sediment 
conditions. 
Overall, the exa.tnination of the macrobenthic communities at the sites where saL1non 
farming ceased fourteen and twentyeight months previously revealed little difference in the 
measured community parameters from the spatial extent of disturbance at an occupied site 















The lack of progress towards recovery is not unexpected as the succession of a macrobenthic 
community to a level where the recovery process was indistinguishable from annual 
fluctuations took about eight years after organic enrichment from a sulphite pulp mill 
(Rosenberg 1976). Boesch and Rosenberg (1981) state that in general it seems reasonable to 
predict of recovery time of macrobenthic communities of less than five years in shallow 
waters and less than ten years in coastal areas, provided there is no serious accumulation of 
toxic compounds in the sediment. In Big Glory Bay, however, the anoxic, sulphide rich 

















CHAPTER 5 GENERAL DISCUSSION AND CONCLUSIONS 
Cage rearing operations cause profound changes to the environment in their vicinity 
because of the drastic alteration to the physicochemical nature of the sediments and large 
additions of soluble waste to the water column. The results of this study showed clearly that 
organic loading from caged salmon in Big Glory Bay has created conditions in a localised 
area that are both destructive to the benthos and add large amounts of ecologically important 
elements to a semi-enclosed environment. Diagenetic reactions resulting from the microbial 
decomposition of organic matter include the removal of dissolved oxygen, the reduction of 
sulphate, and the production of inorganic nitrogen, orthophosphate, hydrogen sulphide and 
methane. Oxygen removal and elevated concentrations of all these degradation products 
were measured in the bottom water beneath the cages. 
Sampling to assess variation in macrobenthic community structure revealed pronounced 
effects associated with the measured gradient of physicochemical parameters. Abiotic 
conditions beneath the occupied cages graded into a very restricted community able to 
tolerate the high oxygen demand of the sediments. Between 5 and 10 m from the edge of the 
cages, two species of opportunistic polychaetes, globally recognised as characteristic of 
organically enriched sediments, were present in high abundances with patchy distributions. 
At 30 m the macrobenthic assemblage was less diverse or trophically complex than at nearby 
undisturbed locations, but the high numbers of individuals present were obviously 

















The scale of environmental effects around the farm site studied, which had been in 
operation for seven months, showed serious degradation of the benthos to over 10 m from 
the edge of the cages and definite enrichment effects 30 m away. 
Two other sea cage sites were assessed after their abandonment, for progress towards 
recovery to conditions found in nearby undisturbed areas. 
The recovery of the impacted sites would occur as the degradation processes resulted in 
amelioration of the sediments toxicity and anoxia to the extent where recolonisation of the 
macrobenthic community would occur. 
Fourteen and twentyeight months after the cessation of organic input the measured 
sediment physicochemical parameters still demonstrated significant differences from the 
control positions. Elevated concentrations of nitrate, phosphate and ammonium in the water 
column suggested that activ~ remineralisation was still occurring. Gradients in TOM, 1N, 
TP with distance from the cage positions were similar to those measured at the occupied site. 
A comparison of the sediment from positions beneath the cages at the different sites was 
statistically different, but all values were still far in excess of the natural sediment levels in 
Big Glory Bay. Oxygen demand of the sediments in the immediate vicinity of the cage 
positions was lower overall after twentyeight months, but still three times greater than the 
control positions. Examination of the macrobenthic community demonstrated that 
depauperate assemblages characterised by high dominance, low species richness, and 
simplified trophic structure found within 10 m of the abandoned cage sites differed little from 
those studied at the occupied site. However there was evidence of recovery at 30 m after 
twentyeight months, with the community more closely resembling the diversity and trophic 














A study assessing the recovery rate of the abandoned sites is relevant to management 
decisions because longer term disturbance to the benthic environment of Big Glory Bay 
could be predicted, given continuing operation and development of cage sites at such 
locations. Sea cage salmon farming generates large amounts of material which has similar 
effects on the benthic environment to other sources of organic enrichment such as sewage 
outfalls and effluent from primary industry, but the scale of impact is considerably less 
(Brown et al 1987). The effects of heavy sedimentation of organic matter from the cage sites 
in Big Glory Bay are confined to a relatively small area of seabed directly beneath, and 
adjacent to the cages. The area of highly enriched, anoxic sediment associated with Site 3 
after seven months of operation was approximately 2 400 m2• 
Reduction of the environmental impact of sea cage salmon rearing can be achieved by 
several methods. Sedimenting waste and estimates of soluble waste loading indicated there 
was considerable scope for minimising waste input with appropriate management techniques 
which optimise food input and food conversion and reduce wastage. Phosphorus is required 
in the diet of salmon for normal growth (0.8% by weight, Phillips and Beveridge 1986). 
The P content of fish foods used in salmonid farming is largely of animal origin and 
consequently is readily available to carnivorous species such as salmonids (Beveridge 1984). 
The P content of the pelleted feed used (3.14%) was well in excess of nutritional 
requirements. Phosphorus which is surplus to dietary requirements, is largely excreted 
(Beveridge 1984). Reduction in the proportion of P and Nin the diet in excess of dietary 
requirements, together with reductions in wastage of feed measured in the sediment traps, 















Measures to reduce serious environmental degradation are of interest to the salmon farm 
operator because the enclosure and the surrounding environment are intimately related. 
Aspects of water quality that produce stress in intensive fish culture such as poor water 
quality, or fluctuations, can cause significant reductions in appetite, growth and food 
conversion efficiency (Smart 1981, Braaten et al 1983) Deoxygenation of the water column 
was measured, especially around the occupied site. A dissolved oxygen minimum constant 
value of 5 - 6 mg 1-1 is specified as the level at which cruising swimming speed can be 
sustained by salmonids (Alabaster & Lloyd 1980). Reduced dissolved oxygen may impair 
food intake, increase susceptibility to parasite infections, disease and other water pollutants. 
Higher temperatures or other unfavourable conditions can lower dissolved oxygen levels 
able to be sustained. Sulphate reduction occurring under the cages produced enough H2S to 
create toxic conditions in bottom waters. This gas will kill or stress fish and damage their 
gills cages if it reaches them (Ackefors 1983, Braaten et al 1983). Ammonia is another 
degradation product measured in elevated concentrations which is lethal to salmonids at 0.2 
mg Nl-I3 (un-ionised) but other adverse effects caused by prolonged exposure are absent 
only at concentrations lower than 0.025 mg NH3 r1 (Alabaster & Lloyd 1980). Sublethal 
ammonia concentrations cause chronic effects such as gill damage, diuresis and associated 
acidemia (Smart 1981, Richards 1983). The occurrence of disease outbreaks in fish 
farming are usually associated with bad husbandry, since the disease causing organisms are 
usually ubiquitous and cause few problems until the fish are stressed through inadequate 
dietary or environmental conditions (Roberts and Shepherd 1974). 
Elevated levels of primary nutrients were measured in the water column around the 














Although these higher levels were very localised, the estimates of soluble nutrient loading 
calculated in section 3.3.3 emphasise the large amounts of nitrate and phosphate that are 
added to the water column. Toxic dinoflagellates potentially dangerous to caged fish are 
found in New Zealand waters, and have caused mortalities during blooms 
(Chang 1987). 
The physical location of sea cage sites also has an important bearing on the effect cage 
rearing can potentially have on the bottom. Locations having sufficient depth and water 
exchange around the cages are obviously preferable. The head of Big Glory Bay is far from 
an ideal location because of its lack of water exchange, and shallow depth. The 
deoxygenation of the water column and cloud of nutrients associated with the occupied site 
emphasise that the location is unsuitable as even minimal current flow would prevent build-
up of such a water body. 
Cleanup of operations overseas has proved very costly, and prevention would seem 
preferable by site selection to minimise disturbance through depth and current, provision to 
move the cages regularly, single point moorings to increase dispersion of settling organic 
matter or minimising food wastage. There is little opportunity to treat wastes emanating 
from cages. Although various methods of waste collection and sediment removal have been 
used in restoration programmes, the costs involved would prove prohibitive to the industry 
(Welch 1980, Braaten et al 1983, Tucholski et al 1980). Sediment removal can also lead to 
resuspension of sediments, increasing dissolved nutrient levels and levels of H2S 















The cage sites studied in Big Glory Bay are located in an environment that does not 
meet the criteria defined after overseas experience (New 1975, Edwards 1978, Landless and 
Edwards 1980). Consequently serious environmental degradation has occurred in localised 
areas, and because of lowered dissolved oxygen and the presence of toxic metabolites in the 
water column, it has been necessary to move cages to a new location periodically. 
Assessment of progress towards recovery of these sites has revealed little appreciable 
improvement over twentyeight months. Because of the drastic alteration of the 
physicochemical nature of the sediments, and the sheltered, disturbance free nature of the 
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Rhodymenia epimenioides Hooker and Harvey 
Rhodymenia novazelandica Dawson 
ORDER CERAMIALES 













. .................................... 4 
Polyeunoa laevis McIntosh .................... 2 
Malmgrenia sp. ................................... 2 
Family Phyllodocidae 
Subfamily Phyllodocinae 
Phyllodoce (Genetylus) gracilis Kinberg 2 
Family Hesionidae 
sp.l ................................................ . 1 
sp.2 ................................................ . 1 
Ophiodromus (Podarke) augustifrons (Grube) 1 
Ophiodromus sp. . ............................... . 1 
Nerimyra sp. 1 
Family Syllidae 
Subfamily Eusyllinae 













Irmula sp, ····················----·--··--·--·····-- 1 
Exogone heterosetosa McIntosh .............. 1 
Exogone fustifera Haswell ..................... 1 
Exogone sp.I. . .................................... 1 
Sphaerosyllis semiverrucosa Ehlers .......... 1 
Sphaerosyllis sublaevis Ehlers ................ 1 
Brania sp.I ....................................... 1 
Brania sp.2. ....................................... 1 
i• 
Family Nereidae 
Platynereis australis (Schmarda) .............. 1 
Family Sphaerodoridae 
" Shpaerodoridium sp. . ............................ 4 
r Family Nephtyidae 
Nephtys (Aglaophamous) sp.I. . ................ 2 




Hemipodus simplex (Grube) ................... 1 
Glycera americana Leidy ........................ 2 
' Glycera tesselata Grube ......................... 2 
Superfamily Eunicea 
' Family Eunicidae 
Eunice australis Quatrefages ................... 2 
,_ Family Lumbrineridae 
Ninoe falklandica Monro ....................... 3 
Lumbrineris magalhaensis Kinberg ........... 2 
,-a 
Lwnbrineris sphaerocephala (Schmarda) ..... 2 
~- Family Dorvilleidae .. 
Ophryotrocha sp. . ................................. 1 
Dorviliea sp . - Schistomeringos incerta 














(1, 2, 3) 






(1, 4, 5) 




















Boccardia (Paraboccardia) syrtis Rainer ....... 3 
Polydora dorsomaculata Rainer ................ 3 
Pygospio sp. ...................................... 3 
unknown sp. .. .. .... ... ... ..... ..... ... ... .... .... 3 
Prionospio pinnata Ehlers ...................... 3 
Minuspio sp. ...................................... 3 
Aonides trifidus Estcourt ....................... 3 
Family Chaetopteridae 
P hyllochaetopterus socialis Claparede ........ 3 
Chaetopterus sp. . ................................. 3 
Family Opheliidae 
Armandia maculata (Webster) ................. 4 
Family Capitellidae 
Capitella capitata complex (Fabricius) ......... 4 
Notomastus sp.1. . ................................ 4 







. ................................ 4 
Lumbriclymene sp. . .............................. 4 
Euclymene aucklandica Augener .............. 4 
Euclymene sp. .................................... 4 
Asychis sp. . ....................................... 4 
Family Flabelligeridae 
Flabelligera affinis Sars ......................... 3 
Brada sp. .......................................... 3 
Family Amphictenidae 
Pectinaria (Lagis) australis Ehlers ............. 3 
Family Terebellidae 
Terebellides stroemi complex Sars ........... 3 
Trichobranchus sp. .............................. 3 
Leaena sp.l. ...................................... 3 
Leaena sp.2. ...................................... 3 
Longicarpus sp. .................................. 3 
Pista sp. ........................................... 3 
Family Sabellidae 
Subfamily Sabellinae 
















































unident sp. . . .... .... ..... ...... .. ... . ..... .. .. .. .. 1 
CLASS COPEPODA 









SUPERFAMlL Y THALASSlNOIDEA 
Family Upogebiidae 
Upogebia sp. ...................................... 3 
INFRAORDER BRACHYURA 
Family Hymenosomatidae 
Halicarcinus varius (Dana) ....................... 1 
Family Ocypodidae 





Parawaldweckia spp. ............................ 3 
Proharpinia hurleyi Barnard .................... 2 
Family Amphithoidae 
Amphithoe sp. .................................... 3 
Family Melitidae 
Maera masteri (Haswell) ........................ 3 
Maera tepuni Barnard ............................ 3 
Maera inaequipes (Costa) ....................... 3 
Maera sp.1 ........................................ 3 















































Corophium acutum Chevreux .................. 3 
PHYLUM SIPUNCULA 








Cirsonella sp. ..................................... 5 
Micrelenchus cae/atus (Hutton) ................ 5 
ORDER MESOGASTROPODA 
Eatoniella (Dardanula) smithi Ponder ....... 5 
Eulima murdochi Hedley 




Paxu/a paxillus (Murdoch) .................... 5 
ORDER NOTASPIDEA 
Pleurobranchia novaezelandiae Cheeseman 2 
CLASS BIV AL VIA 
SUBCLASS PALAEOTAXODONA 
Austronucula schencki Powell ................ 3 
Solemya parkinsoni Smith ..................... 3 
SUBCLASS HETERODONTA 
· ORDER VENEROIDA 
Diplodontus (Zemysina) globus (Finlay) ...... 3 
Mysella sp. ........................................ 3 
Leptomya retiaria (Hutton) ...................... 3 
Gari stangeri (Gray in Dieffenbach) ........... 3 
Tawera marionae Finlay ........................ 3 
Venerupis largi/lierti (Phillips) ................ 3 
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Amphipholus squamata Mortensen ............ 3 
Amphiura annulifera ............................. 3 
Amphiura unknown sp. ......................... 3 
Pectinura gracilus (Verrill) .................... 3 
CLASS SPATANGOIDA 




Trochodota dendyi Mortensen ................. 4 





Acanthoclinus quadridactylus ................... 2 
(Bloch & Schneider) 
t = References used to assign feeding groups. 
1 = Fauchald and Jumars (1979) 
2 = Gaston (1987) 
3 = Maurer et al (1979) 
4 = Rainer (1982) 
5 = Gosner (1971) 
6 = Morton and Miller (1973) 
7 = Barnes (1980) 
8 =Purdon (1977) 
9 =Waterman (1960) 
10 = Knox and Fenwick (1978) 
11 =Barnard (1932) 













APPENDIX 2. Species abundance in zones and Sites. 
-
SITE 3 1985 SITE 2 1986 SITE 1 1986 
============================================================== 
ZONES 
A 8 C ct A 8 C C A 8 C C .. 
T T T 
SPECIES L L L 
--------------------------------------------------------------------------------------
ARCHIANNEIDA 
Protodrilus sp. 1 
" POLYCHAEIES 
Polyeunoa laevis 1 1 1 1 
Malmgrenia sp. 2 
Phyllodoce gracilis 1 
H esionid sp .1 3 
H esionid sp .2 1 
Ophiodromus augustifrons 7 21 29 14 3 21 27 14 39 
\··--- Ophiodromus sp. 1 5 2 
Nerimyra sp. 1 
Pionosyllis sp. 1 
Irmula sp. 1 1 
Exogone heterosetosa 3 1 13 9 2 1 12 2 6 60 52 - Exogone fustifera 1 5 2 1 1 3 
' , Exogone sp.1. 1 
Sphaerosyllis semiverrucosa 2 2 5 27 4 8 4 6 
Sphaerosyllis sublaevis 4 14 1 3 8 2 
Brania sp.l 3 1 
B rania sp .2. 1 
:_., 
Platynereis australis 1 2 3 8 
Shpaerodoridium sp. 1 8 14 2 1 
Nephtys (Aglaophamous) sp.l. 1 
Nephtys (Aglaophamous) sp.2. 1 1 
Hemipodus simplex - 1 5 3 
)---
Glycera americana 1 1 1 
Glycera tesselata 3 
\--· 
Eunice australis 9 8 2 
, Ninoe falldandica 2 
h 
Lumbrineris magalhaensis 1 3 5 
Lumbrineris sphaerocephala 1 1 ,_. 
Ophryotrocha sp. 1 
Dorviliea australiensis 1 1 
Schistomeringos incerta 30 67 31 3 80 11 1 2 9 
Boccardia syrtis 2 4 10 2 31 25 
Polydora dorsomaculata 1 
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A 8 C C A 8 C C A 8 C 
C 
T T T 
SPECIES L L L 
,,_ --------------------------------------------------------------------------------------
Pygospio sp. 9 
unknown spionid 1 6 2 4 10 9 6 
Prionospio pinnata 4 12 24 2 8 15 67 38 24 
'. M inusp io sp. 1 23 20 3 11 6 32 78 33 
-.-, Aonides trifidus 1 4 4 5 
Phyllochaetopterus socialis 1 
- Chaetopterus sp. 
Armandia maculata 5 3 1 1 3 
,-~ 
Capitella capitata 48 32 12 21 1 1 
Notomastus sp.l. 4 13 3 2 
i 
Notomastus sp.2. 5 
i•. Nicomache sp.J. 2 2 1 2 
Petaloproctus sp. 2 
Lumhriclymene sp. 1 
',I- f' 
Euclymene aucklandica 4 7 
Euclymene sp. 3 
Asychis sp. 2 1 
Flabelligera affinis 1 1 1 
Braba sp. 3 1 4 ~, 
Pectinaria australis 5 17 1 
~-
T erebellides stroemi 3 4 
" Trichobranchus sp. 2 
Leaena sp .1. 3 I 1 3 
Leaena sp .2. 1 2 
Longicarpus sp. 4 ,_ 
Pista sp. 3 , __ 
Megalomma sp. 1 
• CRUSTACEANS 
Ostracod sp. 2 1 13 7 3 
I-
Copepod sp, 1 1 1 1 I 6 1 
N ebaliella sp. 1 1 1 2 17 
Upogebia sp. 3 1 4 1 3 1 1 6 
H alicarcinus varius 1 - 1 1 
Hemiplax hiritipes - 2 8 2 3 IO 11 
P arawaldeckia 1 2 2 18 2 45 6 6 
Proharpinia hurleyi 6 8 3 34 91 7 20 47 129 92 55 
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SITE 3 1985 SITE 2 1986 SITE 1 1986 
============================================================== 
ZONES 
A B C C A B C C A B C 
C 
T T T 
SPECIES L L L 
--------------------------------------------------------------------------------------
Amphithoe sp. 2 
M aera masteri 2 5 
' ,- ·, Maera tepuni 1 1 
Maera ina.equipes 2 1 
Maera sp.1 1 1 
M allacoota subcarinata 24 
Caroblatea sp. 1 1 4 12 4 1 
Harpinia sp. 1 
Gondogenia sp. 1 2 1 6 
Lembos sp. 17 1 59 3 5 9 7 
H aplocheira sp. 2 
Corophium acutwn 2 6 9 1 2 
i ,_ r 




Terenochiton inquinitas 1 7 12 
Cirsonel/a sp. 7 1 
Micrelenchus caelatus 10 3 1 1 1 
Eatoniella smithi 10 25 103 17 9 102 24 1 
Eulima murdochi 5 
" Zegalerus tenuis 
P axula paxillus 1 2 1 
Pleurobranchia novaezelandiae 1 2 
Austronucula schencki 1 5 3 11 3 
Solemya parkinsoni 1 2 1 8 
1 •- Dipiodontus globus 1 3 3 6 2 7 
I ~--
Mysella Sp. 1 3 1 3 2 
Leptomya retiara - 1 6 2 
I•- Gari stangeri 1 8 1 
T aw era mari.onae 1 1 1 1 
Venerupis largillierti 1 
HEMICHORDATE 









APPENDIX 2. (Continued) 
SITE 3 1985 SITE 2 1986 SITE 1 1986 
=====-=------------------------------------------------======= 
A B C 
SPECIES 
ECHINODERMS 
Patiriella regularis 1 
Amphipholus squamata 1 9 17 
Amphiura annulifera 8 
Amphiura unknown sp. 
Pectinura gracilus 1 
Echinocardium chordatum 
Trochodota dendyi 2 
Chirodota nigra 11 11 
t Control zone 
ZONES 




7 9 3 1 





2 4 1 








APPENDIX 3. Percentage grainsize distribution of the study sites and the control 
positions. 
-------------------------------------------------------
SITE WENTWORTH SIZE CLASS 
GRANULE MEDIUM SAND COARSE SILT CLAY 
COARSESAND FINE SAND FINE SILT 
------------------------------------------------------------
3/1/A 4.6 1.0 3.7 18.7 19.0 13.3 39.7 
3/1/B 5.3 1.9 4.2 10.2 14.5 26.3 37.7 
3/1/C 3.9 0.9 7.1 17.4 14.8 23.2 32.7 
' . 3/2/A 5.5 1.3 6.7 18.6 17.7 16.7 33.6 
3/2/B 7.8 0.6 3.1 12.5 12.7 21.8 40.5 
3/2/C 6.1 0.8 7.5 ,. 13.9 13.5 23.2 35.1 
2/1/A 5.1 1.0 6.3 12.2 19.0 24.1 33.6 
. ' ' 
2/1/B 4.3 1.4 4 8.5 20.4 27.3 34.3 
2/1/C 5.5 1.7 6.2 13.0 17.0 22.0 36.1 
2/2/A 3.4 1.3 4.4 7.6 21.3 29.3 32.9 
' 
i ,- "' 2/2/B 5.2 1.3 3.1 11.3 17.5 26.7 34.8 
2/2/C 5.6 0.8 5.1 13.3 16.8 24.3 34.3 
1/1/A 9.61 11.7 14 38.0 7.7 9.3 10.0 
1/1/B 6.4 13 12.2 37.8 7.2 17.0 7.4 
1/1/C 8.1 12.3 12.9 35.7 8.2 13.5 10.3 
1. ' 
1/2/A 10.1 12.0 11.8 34.9 7.6 14 .. 9 8.8 
I l/2/B 7.9 8.8 15.3 37.0 7.6 15.3 8.1 
i 1/2/C 9.1 13.7 11.5 34.6 9.5 11.8 9.8 
/ iow 
C/1 4.9 1.3 5.1 15.4 15.8 23.7 33.7 
/ _ 
C/2 6.89 2.45 5.31 14.9 13.3 21.9 35.1 
C/3 4.6 1.9 4.7 10.5 21.9 20.0 37.0 
I "· 
C/4 5.3 1.3 6.3 13.0 17.4 18.2 39.0 
I 
" C/5 7.1 4.2 10.6 28.4 17.9 18.2 14.2 







APPENDIX 4. Total organic matter of the sediments. 
-----~----------~-------------------------~~~--~-------
SITE 3 1985 SITE 2 1985 
3/MID 3/1/A 3/1/B 3/1/C C1L/l 2/MID 2/2/A 2/2/B 2/2/C C1L/4 
----------~------~~---~--------------------------~-------
34.27 22.63 20.21 19.12 14.89 32.13 31.56 18.24 17.21 15.92 
36.01 26.44 18.96 18.35 14.41 24.56 28.26 18.51 16.02 17.8 
31.39 21.36 18.58 16.2 15.85 29.71 25.37 16.27 17.1 15.18 
37.08 19.61 17.1 14.1 13.4 28.56 24.7 17.71 16.31 15.03 
33.56 20.01 16.7 15.3 14.58 30.01 22.68 16.5 15.27 
30.58 26.5 16.28 
34.99 29.31 
36.82 19.58 17.1 17.33 13.55 28.73 16.72 14.03 16.35 14.5 ,. 
19.72 19.95 14.9 15.42 17.1 17.12 15.57 15.08 , 
22.78 19.7 19.37 14.8 19.56 18.24 15.91 14.68 
,• ' SITE 11986 SITE 2 1986 SITE 3t S.F.' 
1/MID 1/1/A 1/1/B 1/1/C C1L/5 2/MID 2/2/A 2/2/B 2/2/C C1L/3 3/MID 
26.05 5.02 4.4 5.8 10.85 29.12 17.72 17.75 15.34 17.3 37.89 85.53 
23.36 3.41 3.68 5.9 11.8 31.38 17.03 18.33 19.35 14.51 30.22 84.89 
25.57 3.65 5.71 9.7 30.95 16.68 16.49 18.9 14.32 34.12 84.9 
24.08 4.4 4.34 12.1 29.56 19.02 17.35 15.19 13.97 35.61 85.13 
26.1 10.93 29.24 14.19 39.08 85.27 
23.49 12.1 3.99 10.22 27.31 14.23 37.21 84.97 
23.87 23.77 2.79 5.91 11.75 30.03 21.58 18.3 19.38 14.05 35.58 84.86 
" 25.13 16.32 3.54 6.28 9.89 29.19 17.38 17.12 17.23 13.76 32.29 84.79 
19.46 4.39 5.34 27.38 14.61 19.28 






APPENDIX 5. Sediment content of total nitrogen and total phosphorus 
SITE 3, 1985 
3/1v!ID 3/1/A 3/1/B 3/1/C CNTL. 
TN TP TN TP TN TP TN TP TN TP 
0.812.4 0.495 0.51 0.33 0.13 0.26 .088 0.23 0.103 
•.' 
0.76 2.19 0.638 1.25 0.41 0.14 0.27 0.102 0.287 0.096 
0.87 2.8 0.4 0.14 0.32 0.116 0.37 0.09 0.299 0.111 
0.78 3.3 0.385 0.45 0.31 0.102 0.39 0.092 0.235 0.091 
0.69 4.7 0.416 0.37 0.29 0.098 0.35 0.087 0.268 0.085 
' ' 0.74 2 
0.79 3.5 
0.8 2.58 0.43 0.32 0.31 0.096 0.375 0.084 0.253 0.077 
0.44 0.74 0.35 0.167 0.41 0.102 0.31 0.103 
0.534 1.01 0.4 0.1 0.345 .095 0.24 0.079 
> • 
SITE 2, 1986 
2/1v!ID 2/2/A 2/2/B 2/2/C CNTL 
TN TP TN TP TN TP TN TP 1N TP 
0.681 2.32 0.29 1.72 0.42 0.27 0.21 0.1 0.34 0.1 
0.794 2.878 0.58 0.43 0.415 0.3 0.18 0.31 0.14 
- 0.57 7.48 0.31 0.41 0.27 0.21 0.29 0.16 0.29 0.19 
0.79 4.86 0.37 3.12 0.39 0.26 0.19 0.11 0.32 0.17 
0.71 3.65 0.38 0 0.39 0.21 
0.68 3.91 0.25 0.15 0.41 0.18 
0.671 2.87 0.41 4.41 0.27 0.17 0.29 0.16 0.33 0.14 
0.692 3.24 0.3 0.39 0.34 0.81 0.31 0.15 
'- 0.69 1.05 0.34 0.33 0.38 0.19 ,~ 




APPENDIX 5 (Continued) 
SITE 1 ,1986.and mid from SITE 3 1986. 
1/lv!ID 1/1/A 1/1/B 1/1/C CN1L 3/lv!ID 
1N TP 1N TP 1N TP 1N TP 1N TP 1N TP 
0.67 4.75 0.12 0.26 0.14 0.12 0.31 0.13 0.19 0.15 0.77 1.96 
0.41 4.98 0.08 0.21 0.12 0.17 0.18 0.08 0.2 0.09 0.79 2.48 
0.57 2.69 0.08 0.1 0.12 0.1 0.17 0.11 0.88 1.88 
0.58 3.05 0.09 0.16 0.11 0.15 0.09 0.09 0.15 0.15 0.67 6.03 
0.46 2.54 0.13 0.18 0.71 2.57 .. 
0.63 2.89 0.29 0.46 0.15 0.18 0.21 0.75 3.01 
0.61 3.12 0.41 0.51 0.07 0.13 0.17 0.09 0.15 0.18 0.81 2.58 
0.58 3.23 0.38 1.59 0.1 0.19 0.12 0.08 0.19 0.16 0.78 2.71 
0.39 2.65 0.14 0.18 0.17 0.08 







APPENDIX. 6. Benthic oxygen consumption data . . . 
SITE 3, 1985. 
3/MID 3/1/A 3/1/B 3/1/C 3/2/A 3/2/B 3/2/C 3/3/A 3/3/B 3/3/C CTL CTL CTL 
50.2 31.5 20.4 12.4 42.4 23.4 14.2 6.6 9 9.9 4.9 
41.7 34.3 22.1 18.8 36.2 32.3 26.5 10.3 5.6 12.2 10.4 
'' 45.3 21.4 15.2 10.3 23.8 28.5 31.2 9.4 5.6 7.9 6.5 
40.1 23.6 12.2 3.6 25.9 25.1 18.5 8.7 4.4 7.4 4.1 
32.8 19.3 10.6 4.5 34.1 17.1 21.5 8.8 10.7 5.3 5.2 
49.3 25.1 19.3 4.2 15.9 36 17.8 10.5 11.5 10.1 7 
' . 37.4 14.5 10.9 8.5 14 23.6 11.3 8.1 7 8 4.7 
' . 32.1 15.4 7.9 4 22.3 20.2 14.1 6 7.4 7.9 5.6 
52.5 21.6 22.8 17.2 15.9 20.2 20.9 11.9 7.1 6.4 6.3 
24.7 14.5 11.8 
. ' 
SITE 2, 1986. 
2/MID 2/1/A 2/1/B 2/1/C 2/2/A 2/2/B 2/2/C 2/3/A 2/3/B 2/3/C CTL CTL CTL 
29.3 22.4 12.1 15.1 33 17.2 11.6 22.8 13.3 13.4 9.5 10 
39.4 32.8 11.2 9.1 30.5 19.6 12.8 27.2 19.5 12.6 7.8 11.3 
38.9 26.6 14.4 7.2 22.4 15.2 17.6 28.8 18.4 12 7.7 15.1 
31 22.4 13.4 8.3 15.6 17.5 9.6 25.4 8.6 9.6 7.7 10.1 
26.9 13 14 10.2 13.5 11.2 9.4 15.7 8.7 9.8 17.3 IO.I 
42.1 12.9 8.7 6.5 15.4 8.1 6.1 13.9 9.1 8.5 9.9 9.8 
31.7 11.6 9.1 9.2 19.6 17.5 7.5 18 12.2 9.9 7.7 14.9 
18.3 9.7 20.9 22.6 10.7 11.5 19 16.2 11.8 12.3 10.6 
17.5 8.9 14.2 18.7 8.2 12.5 14.4 12.9 15.1 14.9 10.1 





APPENDIX 6. (Continued) 
SITE 1, 1986 
I/MID 1/1/A 1/1/B 1/1/C 1/2/A 1(2/B 1/2/C 1/3/A l/3/B 1/3/C CTL CTL CTL 
28.2 13.2 18.5 7 24.8 37.3 11 26.2 21.1 17.3 9.9 11 12.2 
26.8 14.2 8.7 28.1 23.8 11.9 29.8 19.4 13.6 12.2 7 13.1 
.. 21.8 17 12.5 12.1 15.5 19.1 12.8 18.2 9.6 6.5 15.9 10.1 15.3 
,. 29.3 11.1 11.5 15.9 14.4 9.9 8.4 20.2 17.2 13.3 12.3 12.2 17.7 
" 
34.1 10.2 9.6 6.7 18.7 10.4 7.2 13.6 10.3 13.2 11.9 10.5 12.8 
32.9 10.4 14 7.8 19.7 6.3 12.4 8.8 7.6 11.4 11.3 9.9 
38.4 26.3 8.5 9.8 15.3 11.3 15.4 19.7 16.1 9.2 8.9 9.4 
29.6 8.5 10.8 11.3 12.6 16.7 9.1 15 8.6 7.5 
,o 30.2 9.4 15 17.4 8.3 12 8.9 7.4 8.1 11.4 
12.1 6.6 11 33.3 14.2 14.1 10.7 8.2 14.7 12.4 
SITE 3, 1986 
'' 
3/MID 3/1/A 3/1/B 3/1/C CTL 
46.4 33.2 28.3 12.3 9.5 
53.5 38.9 20.6 10.4 7.8 
52.9 31.93 29.4 14.5 7.7 
29 20.9 27.3 10.8 7.7 
44.1 21.8 20.5 14.1 17.3 
31 29.2 8.6 13 9.9 
•., 
35.2 26.9 13.3 11 7.7 
33 11.5 12.2 12.3 
24.1 11.9 13.8 14.9 
21.5 13.1 
179 
APPENDIX 7. Physicochernical data from sediment trap deployments. 
MASS TOM TN TP 
DEPLOYMENT 1 2 1 2 1 2 1 2 
POSITION 
CAGE 250.8 171.3 42.9 50.02 .879 .725 3.126 2.63 
'' 120.7 205.4 33.79 58.56 .823 1.284 .2.221 1.45 
163 419.5 39.1 63.19 .907 .987 2.59 1.6 
'' 
SM 38.9 48.2 24.73 25.07 .217 .295 .196 .446 
26.6 47.8 23.51 31 .163 .342 .243 .448 
33.4 64.1 24.64 25.01 .12 .294 .237 .438 
30M 13.9 19.68 21.11 21.87 .07 .109 .023 .041 
16.8 12.2 20.51 21.03 .075 .114 .033 .043 
14.8 21.8 21.42 22.15 .091 .128 .029 .057 
'. 
CONIROL 14.6 14.4 21.45 18.94 .085 .115 .052 .038 
10.3 17.8 19.45 19.49 .033 .075 .015 .041 
12 10.2 19.82 19.25 .051 .093 .037 .037 
TOM= Total Organic matter (%f.d.weight) 
TN= Total nitrogen(% f.d.weight) 














Subsurface biplanar drogues were used to investigate the current flow around 
the sea cage sites in different tidal conditions (similar to those used by Walls 1982). 
They were deployed in groups of five and their positions tracked over the tidal cycle 
using a sextant and an anchored reference bouyto gauge position. The very large 
subsurface (1 m-2) proportion of the drogues relative to that extending above the 
water surface ensured wind effects were negligible. In the head of Big Glory Bay 
water movement appeared to be minimal with displacement of the drogues 
insignificant even after several hours. Mean velocities over a flood tide were typically 
in the order of0.11 km m-1 (1/18 knot). 
RESIDENCE TIME . 
To discuss the effect seacage rearing might have on Big Glory it would be informative 
to make an estimate of the tidal flushing and residence time of the water body to give an 
approximation of the rate of dispersion of the material discharged in the bay. This 
calculation gives an overall residence time in the inlet (from Heath 1976) which may be quite 
different at a specific locality in the inlet. 
Heath classified inlet into groups with similar physical properties such as tidal 
compartment, bathymetry and freshwater inflow. Surface areas were calculated from either 
Navy Hydrographic chart H52 or Lands and Survey map E49. Cross sectional areas and 
tidal compartment and volume of water at low tide were calculated as in Heath (197 6). 
The freshwater discharge was calculated by taking the product of the catchment area with the 












The surplus rainfall is that in excess of the rainfall needed to maintain a soil moisture capacity 
(0.075 m was adapted by Coulter 1973) in conjunction with an average rate of potential 
evapotranspiration. 
The ratio of total volume to the spring tidal comportment (7.4) is often used as a 
measure of tidal flushing which gives a period of about four days for Big Glory Bay. 
Heath also groups inlets in with respect to their entrance width surface area and length to 
arbitrarily classify inlets. Big Glory is classified as being mainly influenced by tidal motion. 
This seems likely as the inlet is fairly sheltered to the south west, the prevalent wind 
direction. 
The flushing estimate B assumes the water entering the inlet on an incoming tide is 
completely, mixed with that in the inlet. This is very unlikely in Big Glory Bay considering 
the tidal velocities measured, so the estimate B is at best the upper limit for tidal flushing. A 
more realistic assumption would be water entering the inlet on a flood tide mixes completely 
with the water immediately inside the inlet (Heath 1976). This mixed water then leaves on 
the ebb tide, during which time complete mixing of the remaining water takes place. The 
estimate of residence time would then be 2B (8 days). As mentioned above this is an 
estimate for the whole inlet. Different localities in the bay would differ from this mean. At 
the entrance, because of the complete mixing with each tide, residence times would be 
relatively short. However, in the head of the bay where the study sites were situated the 
residence times could be expected to be considerably longer because of the distance from the 
inlet entrance and extremely weak tidal currents. 
Coulter J. D. Jnl ofHydroUN.Z.) 12 (2):1973 
Heath R. A. 1976 N.Z.Jnl. of Mar. F.W. Res.IO (3): 429-44 
Walls K. 1982. Unpublished MSc. thesis. University of Auckland. 
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